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ABSTRACT
The composition of jet is still an unsolved problem in gamma-ray bursts (GRBs).
Several previous studies have suggested that the prompt emission spectrum of GRBs is
likely to consist of a few components which may arise from different jet composition.
Here, we present a systematic analysis to search for the GRBs which seem to show the
transition from a fireball to the Poynting-flux-dominated outflow between well-separated
pulses within a single burst, like the GRB 160626B, using GBM (the Gamma-ray Burst
Monitor) data of the Fermi satellite. We obtain 43 GRBs with clear multiple pulses,
and find that 9/43 (21%) bursts may exhibit such a transition based on the time-
integrated spectral analysis. We then select further 4 bursts with the data of adequate
quality to perform a detailed time-resolved spectral analysis, and find that in 3 bursts
the thermal-like pulse is a precursor. Furthermore, based on the time-resolved spectra,
we constrain the outflow properties for those thermal pulses, and find them consistent
with the typical properties of the photosphere emission. Also, the later pulses with
the softer low-energy spectral index are compatible with the optically-thin synchrotron
emission model. Our analysis indicates that a good fraction of the multi-pulse Fermi
bursts may obtain the transition from fireball to the Poynting-Flux-Dominated outflow.
Keywords: non-thermal-radiation mechanisms: data analysis-gamma-ray burst: general
1. INTRODUCTION
After the nearly fifty-year discovery of gamma-ray bursts (GRBs), the prompt emission of GRBs is
still puzzled in several fundamental perspectives (e.g., Popham et al. 1999; Ruffini et al. 1999, 2000;
Di Matteo et al. 2002; Gu et al. 2006; Liu et al. 2007; Zhang 2011; Zhang & Yan 2011; Xue et al. 2013;
Kumar & Zhang 2015; Pe’er 2015; Liu et al. 2017). A quite fundamental question is the jet composi-
tion (baryonic-dominated fireball or Poynting flux dominated outflow), which determines or at least
strongly affects the energy dissipation mechanism (the shock or the magnetic reconnection), parti-
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cle acceleration mechanism (thermally driven or magnetically driven), and especially the radiation
mechanism (synchrotron, Katz 1994; Meszaros et al. 1994; Sari et al. 1996; Daigne & Mochkovitch
1998; Lloyd & Petrosian 2000; Kumar & McMahon 2008; Daigne et al. 2011; Zhang & Yan 2011;
Beniamini & Piran 2013, 2014; or comptonization of quasi-thermal emission from the photosphere,
Goodman 1986; Thompson 1994; Rees & Me´sza´ros 2005; Giannios 2006; Beloborodov 2010; Lazzati
& Begelman 2010; Giannios 2012; Be´gue´ et al. 2013; Vereshchagin 2014; Pe’Er & Ryde 2017). Several
scenarios of the jet composition have been proposed in the literature (e.g., Ryde & Pe’er 2009; Pe’Er
et al. 2012; Acuner & Ryde 2018) based on the components in the observed spectrum: (i) a quasi-
thermal component indicating a hot fireball origin (Ryde et al. 2010); (ii) a non-thermal component
from the synchrotron radiation of the Poynting-flux-dominated outflow (e.g., Preparata et al. 1998,
2002); (iii) combination of quasi-thermal component and non-thermal component from a hybrid jet,
consisting of a hot fireball and a cold Poynting flux (Iyyani et al. 2013, 2015; Gao & Zhang 2015).
As mentioned above, the synchrotron radiation and the photosphere emission in the observed spec-
trum are crucial to judging the jet composition. A criterion which could distinguish the synchrotron
and photosphere emission is the observed low-energy spectral index α. Generally speaking, the pho-
tosphere model predicts a much harder value of α. For the fast-cooling synchrotron emission (the
dynamical timescale is greater than the synchrotron cooling timescale) the predicted α is -1.5 (Sari
et al. 1998; Ghisellini & Celotti 1999), much softer than the typical value of -0.8 (Preece et al. 1998,
2000; Burgess et al. 2011; Nava et al. 2011; Zhang 2011; Burgess et al. 2014; Goldstein et al. 2013).
While the slow-cooling synchrotron emission predicts a much harder value of α=-2/3, the so-called
line of the death of synchrotron emission (Preece et al. 1998), more consistent with that typical value.
Noteworthily, the electrons in the slow-cooling regime are unexpected, due to the usually strong lo-
cal magnetic field in the prompt emission region (Ghisellini & Celotti 1999; Uhm & Zhang 2014).
However, reconciling the slow cooling spectra, as required by observations, with high efficiency for
the prompt emission (as obtained by fast cooling electrons) is possible to do naturally if synchrotron
cooling is balanced by a continuous source of heating (Beniamini et al. 2018). Also, the specific
question of electron cooling in magnetic GRB jets has been extensively discussed in Beniamini &
Piran (2014). Besides, recent broad time-dependent spectral analysis of GRB, going beyond the
simple Band function (a smoothly joint broken power law, Band et al. 1993), suggesting that the
synchrotron spectrum is consistent with observations (e.g., Oganesyan et al. 2017; Burgess et al.
2018). For the photosphere model, a pure blackbody (hereinafter BB) emission in Rayleigh-Jeans
regime predicts α ∼ +1.0, while with the curvature effect (equal-arrival-time surface effect) α ' +0.4
(e.g., Beloborodov 2010; Deng & Zhang 2014). In reality, a pure BB emission is in general never
expected from the photosphere, since geometry (Pe’er 2008) and dissipation (Beloborodov 2010) will
always broaden the spectrum a bit, but it can be used as an approximation. It is worth noting that
the deviation from the straightforward prediction of both models for α can be modified with reason-
able assumptions (e.g., Lloyd & Petrosian 2000; Me´sza´ros & Rees 2000; Toma et al. 2011; Lundman
et al. 2013; Geng et al. 2018; Meng et al. 2018).
Photosphere emission and synchrotron radiation widely exist in the observed spectrum of GRB,
indicating the different kinds of jet composition. A hot fireball, the Poynting-flux-dominated outflow
or a hybrid jet with both these components in a single burst are the common types of jet composition.
But whether the composition can change between different pulses in a single burst is an interesting
issue, which seems to be confirmed in Zhang et al. (2018). In that work, the spectral property of
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the bright burst, GRB 160625B (see also Wei et al. 2017; Wang et al. 2017), with three sub-bursts,
is found to change very noticeably between the different sub-bursts, suggesting a different physical
origin. Thus, Zhang et al. (2018) for the first time suggest, from early precursor to late main sub-
bursts, the transition from fireball to the Poynting-flux dominated outflow. To go a step further, it
is interesting to address the question: what is the proportion of GRBs having observed evidence of
the transition from fireball to the Poynting-flux-dominated outflow within a single burst?
In this paper, we have systematically searched for the bright Fermi GRBs to perform the time-
integrated and the detailed time-resolved spectral analysis. To know whether there is apparent
spectral evolution among the multiple pulses1 (or sub-bursts2) within a single GRB, we particularly
concern those GRBs with clear multiple pulses (or sub-bursts) from precursor to the main burst, or
extended emission. The explicit goal of this task is to investigate whether there is evidence of the
transition from fireball to the Poynting-flux-dominated outflow of GRBs.
The paper is organised as follows. In §2, we perform the spectral analysis, and then discuss the
fitting parameters of different empirical models. In §3, we derive the fireball parameters for the early
thermal pulse and check the synchrotron origin for the later non-thermal pulse. The discussions and
conclusions are presented in §4. Throughout the paper, a concordance cosmology with parameters
H0 = 71 kms
−1 Mpc−1, ΩM = 0.30, and ΩΛ = 0.70 is adopted. The convention Q = 10xQx is adopted
in cgs units.
2. DATA ANALYSIS
This task was carried out by working with the data from Gamma-ray Burst Monitor (GBM, Meegan
et al. 2009) on board the Fermi Gamma-ray Space Telescope. More than 2200 GRBs have been
detected by the GBM, from July 2008 until March 2018. The GBM covered the energy range from 8
keV to 40 MeV. It carries two sets of detectors: sodium iodide (NaI) scintillation with 12 detectors,
and bismuth germanate (BGO) scintillation have two detectors. All the 14 GBM detectors point
to different directions and collected the signals of the photon by a Central Data Processing Unit.
The 12 NaI detectors play the same role but with a different direction, and provide an energy range
of observations from the 8 keV to 1 MeV. The two BGO detectors provide coverage from 200 keV
to 40 MeV. It overlaps with the energy range at the lower end of NaI detectors and lower energies
of the LAT, allowing for cross-calibration of the detectors. The BGO detectors are located on
opposite sides of the spacecraft to ensure that at least one BGO detector gets illuminated for each
possible source location. Three data types of science data that are available in GBM are 128-channel
resolution (CSPEC), 8-channel resolution (CTIME) and the time-tagged event (TTE) data. The
CSPEC and CTIME are the binned data events. CTIME contains data collected from each detector
with 8-channel pulse height resolution and provides data with continuous high time resolution, with
a temporal resolution of 0.064 s after triggered and 0.256 s before triggered time, with the time
range from -1000s to 1000 s. CSPEC contains data collected from each detector with 128-channel
pulse height resolution and provides data with continuous high spectral resolution, with a temporal
resolution of 1.024 s after triggered and 4.096 s before triggered time, with the time range from -4000
s to 4000 s. The TTE data event is an unbinned data type, consists of individually digitalised pulse
height events from the GBM detector during the event of the burst. It has an energy resolution of
1 In the following discussions of the paper, the first pulse (or sub-burst), the second pulse (or sub-burst), the third
pulse (or sub-burst), the fourth pulse (or sub-burst), will be denoted as 1st, 2nd, 3rd, and 4th, respectively.
2 The sub-bursts are defined as different pulses are separated with clear quiescent intervals.
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128-channels, which is similar to CSPEC, and record the time interval of photons from the -20s to
300 s.
The TTE data and the standard response files are used as provided by the GBM team. We selected
the data from all the NaI detectors that are triggered by GBM (most cases are one to three) and the
brightest BGO detector.
2.1. Data Reduction and Sample Selection
Two main criteria are adopted for a rough sample selection: (i) To perform a detailed time-resolved
spectral analysis, brighter bursts3 are required. Therefore, we initially selected all bright bursts from
Fermi GBM catalogue; (ii) Since it is interesting to investigate whether have an apparent spectral
evolution among the multi-pulses (or the sub-bursts) within a single GRB. We then obtained all those
GRBs which have a clear couple or more of distinct pulses (sub-bursts) in our sample, particularly in
the GRBs which do not overlap each other significantly. With those selected criteria, we obtain 43
bursts from all 2281 GRBs detected by the GBM until March 31, 2018. Totally, 118 pulses/sub-bursts
are obtained from these 43 GRBs. Except for all 43 bursts shows at least two clear pulses/sub-bursts
(including 22 bursts only contains two clear pulses), we also identified 12 bursts having three distinct
pulses/sub-bursts, 7 bursts exhibiting four different pulses/sub-bursts, and 2 bursts displaying five
pulses/sub-bursts within one single burst.
Observationally, Fermi Gamma-ray Observatory has revealed three elemental spectral features of
GRBs (Zhang et al. 2011): (i) The Band spectral component, Band function (Band et al. 1993),
which is written as
NE = A
{
( E
Epiv
)αe−E/E0 , (α− β)E0 ≥ E
( (α−β)E0
Epiv
)(α−β)e(β−α)( E
Epiv
)β, (α− β)E0 ≤ E
(1)
where NE is the photon flux (ph/cm
2/keV/s), A is the normalisation for the spectral fit, Epiv is the
pivot energy fixed at 100 keV, E is the photon energy, and E0 is the break energy. The function
consists of two power laws which are smoothly separated by a peak energy Epk ∼ 250 keV (e.g.,
Kaneko et al. 2006; Nava et al. 2011), described by the low-energy photon index α ∼ -1.0,
NE ∝ Eαe−E/Epk , (2)
and the high-energy photon index β ∼ -2.1,
NE ∝ Eβ. (3)
Eq.(2) is also called the CPL function, it can be used when the high-energy photon index β of Band
unconstrained. (ii) A quasi-thermal component (Ryde et al. 2010; Guiriec et al. 2011, 2015; Axelsson
et al. 2012). The thermal energy of the photon will be emitted as blackbody emission when the
optical depth goes below unity, the blackbody emission can be modified by the Planck spectrum,
which is given by the photon flux
NE(E, t) = A(t)
E2
exp[E/kT (t)]− 1 , (4)
3 Peak flux > 40 photon cm−2 s−1 or fluence > 1× 104 erg cm−2.
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where E is the photon energy, k is the Boltzmann constant. It has two free parameters: T = T (t)
and the normalization A(t) of the photon flux4. And (iii) a power-law component extending to high
energies (Abdo et al. 2010; Zhang et al. 2011)
NE ∝ Es, (5)
where s is the power-law index.
Of these, only the blackbody component indicates a clear physical meaning, which explains as the
thermal emission from the photosphere of the outflow. The other two functions do not have any direct
physical meaning, although the Band function can be interpreted as being the results of a radiation
mechanism (e.g., synchrotron emission), and the power-law component can be a valid approximation
of various emission processes over a limited energy range.
2.2. Spectral Fitting and Model Comparison
When performing spectral fits, we need to know several important things: (i) how can we derive
the best-fit model parameters from data? (ii) How well our model fits our data? And (iii) how can
we choose the best model from given models?
2.2.1. Spectral Fitting
The above-mentioned questions involve two operations that require statistics in spectral fitting:
one is parameter estimation, which includes finding the best-fit parameters and its uncertainties for
a given model; another is testing whether the model and its best-fit parameters actually match the
data, which is usually referred to as determining the goodness-of-fit.
For the former operation (parameter estimation), the purpose of performing a spectral fit, first is to
find the ’best-fit’ parameters that make a given model into optimum consistency with data. On the
other hand, the equally important thing is also to find the true likelihood5 map in the entire parameter
space, with which how the model parameters can be really constrained in a global confidence manner.
We adopt the Markov Chain Monte Carlo (MCMC) technique to conduct the time-resolved spectral
fitting with the following reasons: (i) traditional fitting algorithms (e.g., Levenberg-Marquardt)
typically fail to map the multi-dimensional likelihood; (ii) the theoretical models always involved in
multiple model parameters, which may be affected to correlation and multi-modality of the likelihood
in their parameter space; (iii) the MCMC method can effectively solve multi-dimensional problems.
We therefore perform the MCMC fitting technique based on the Bayesian statistic by using the 3ML
tool (see §2.3) to carry out the parameter estimation of data. The priors distribution is used and
multiplied to the likelihood which combines the model and the observed data, yielding a posterior
distribution of the parameters. Similar techniques have been widely and successfully applied to GRB
modelling (e.g., Xu & Huang 2012; Ryan et al. 2015; Zhang et al. 2015). The parameters of our
model in the Monte Carlo fit are allowed in the following range: PL model, index: [-5,1]; Blackbody
model, KT (keV): [1,103]; CPL model, α: [-5, 1], Ec (keV): [1, 10
4]; Band model, α: [-5, 1], β: [-10,
1], Epk(c) (keV): [1, 10
4].
4 In reality, photospheric emission is not expected to be a pure Planck function, since several effects (Pe’er 2008;
Ryde et al. 2010) need to be taken into account (e.g. the observed blackbody temperature and the optical depth are
the angle-dependent). Physically, the photospheric emission therefore should be a multicolour blackbody (mBB, e.g.,
Ryde et al. 2010, Hou et al. 2018) instead of a single Planck function.
5 The maximum likelihood is the standard statistic used for parameter estimation. This is because the best values of
the parameters are those that maximise the probability of the observed data given the model. In other words, finding
the maximum likelihood means finding the set of model parameters that maximise the likelihood function.
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For the latter operation (test the model and its best-fit parameters), the reduced χ2 is often used
as a measure of fit quality. Indeed, most of the time it is unreliable and incorrect to use (Andrae
et al. 2010). Instead, we can almost always use the bootstrap method to estimate the quality of a
Maximum Likelihood Estimate (MLE) analysis, the statistic to choose for the MLE is a Poisson-
Gaussian profile likelihood (Cash 1979), the so-called Pgstat6. Since the likelihood function L(~θ)
with free parameters ~θ, which is usually tends to be very small. It is therefore much more tractable
numerically to deal with the logarithm of the likelihood. The 3ML tool provide an algorithm to find
the minimum of the -lnL(~θ) function, which is equivalent to find the maximum of the L(~θ) function.
To perform the analysis, either the Maximum Likelihood analysis -ln(likelihood) or the Bayesian
analysis -ln(posterior) can be used. In this paper, we use the minimum logarithm of likelihood-based
statistics based on both the Maximum Likelihood analysis (time-integrated spectral fits) and the
Bayesian analysis (time-resolved spectral fits). When our data are fitted, we can assess the goodness-
of-fit (GOF) for the Maximum Likelihood analysis by use, -ln(likelihood); and for the Bayesian
analysis via simulating synthetic data sets, -ln(posterior).
2.2.2. Model Comparison
Since we often need to know which of a suite of models best represents the data, one question is how
to choose between different models? The Akaike Information Criterion (AIC, Akaike 1974), defined
as AIC=-2lnL(~θ)+2k, is preferred to select discretely (non-nested, e.g., BB vs. CPL, BB vs. Band,
CPL vs. Band) models from a set of models that contains the true data generating process, under the
assumption that the model errors or disturbances are normally distributed, where L is the maximized
value of the likelihood function for the estimated model, k is the number of free parameters to be
estimated. The Bayesian Information Criterion (BIC, Schwarz et al. 1978) is better for comparing
nested models (e.g., BB vs. PL+BB, BB vs. CPL+BB, BB vs. Band+BB), which is defined as
BIC=-2lnL(~θ)+kln(n), here n is the number of observations7 (or the sample size). In the Bayesian
statistics MCMC case, another criterion, namely, the deviance information criterion (DIC) should be
invoked, defined as DIC=-2log[p(data| θˆ)]+2pDIC, where θˆ is the posterior mean of the parameters,
and pDIC is the effective number of parameters. In this paper, we adopt the corresponding criteria
for different model comparison scenarios. Given any two estimated models, the preferred model is
the one that provides the minimum AIC, BIC, or DIC scores, which is often compared as ∆AIC,
∆BIC, or DIC scores (the difference between the best model and each model). For example, we can
use ∆BIC to describe the evidence against a candidate model as the best model in the nested model
comparisons. If ∆BIC greater than 10, the evidence against the candidate model is very strong (Kass
& Raftery 1995). Figure S1 present time evolution of the ∆AIC/BIC/DIC in comparison with two
different empirical models. For the first pulse/sub-burst (Fig.S1a), we compared the PL+BB model
with the CPL model, the PL+BB model with the single BB model, and the CPL model with the
single BB model. For the rest pulses/sub-bursts (Fig.S1b), the case displays the CPL model against
the Band model. For instance, a majority of ∆BIC have negative values and much less than -10
for the case of the PL+BB model against the single BB model, indicating that the PL+BB is the
preferred model in these two models.
6 Which statistics should be used depending on the probability distributions underlying the data. Nearly all astro-
nomical data are drawn from two main distributions: Gaussian (normal) or Poisson distributions, e.g., a Gaussian-
distributed data with a background (Chi); or a Poisson-distributed data with a Poisson background (Cstat); or a
Poisson-distributed data with a Gaussian background (Pgstat). A more detail discussion can be found in Arnaud
et al. (2011) or at the official XSPEC website: https://heasarc.gsfc.nasa.gov/xanadu/xspec/.
7 Note that if the sample size is large, BIC is superior to AIC.
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Another common method is to do hypothesis testing. We can use a likelihood-ratio test to compare
the goodness-of-fit of two statistical models: a null model against an alternative model. This test
is based on the likelihood ratio, which expresses how many times more likely the data are under
one model than the other. The steps in hypothesis testing are like this: First, set up two possible
exclusive hypotheses: the null hypothesis (e.g. BB), which is usually formulated to be rejected; and
the alternative hypothesis, which is the research hypothesis (e.g. CPL). Second, specify a priori the
significance level aˆ (a typical value of 0.05 is usually set). We can reject the null model if the test
yields a value of the statistics whose probability of occurrence under the null model is p < aˆ (small
probability events occurrence). The null model is usually set as a simpler model, while the alternative
model is configured as a more complex model.
2.3. Time-integrated Spectral Fit Results
In this work, we adopted the fully Bayesian approach analysis package, namely, the Multi-Mission
Maximum Likelihood Framework (3ML, Vianello et al. 2015) as the main tool to carry out all the
temporal and the spectral analysis. We also used RMFIT (version 3.3pr7) package8 and XSPEC
(version 12.9.0) package9 (Arnaud 1996) to ensure consistency of the results across various fitting
tools. In this section, we will perform a detailed temporal and spectral analysis to find the character
and commonality for our sample.
Observationally, a single power-law component can not well fit the data for most cases whereas the
Band (or a power-law plus an exponential cutoff, hereafter CPL) component favours the majority of
bursts. The interplay among three elemental components indeed can explain a variety of observed
GRB spectra (Guiriec et al. 2015). Therefore, we first perform time-integrated spectral fits by the
Band model to each pulse/sub-burst for individual burst. If the values of β are not well constrained
(have fairly large values and large uncertainties), we adopt the CPL model to possibly obtain equally
good fits for α and Ec. In reality, we find the high energy index β indeed cannot be well constrained
by the Band model fitting in many time-integrated spectra. Also, as suggested in Yu et al. (2016),
the CPL model is probably the best model for a majority of bursts. We therefore use the CPL model
for the time-integrated spectral analysis, and mainly focus on the properties of α, and Ec. Since α
value is more important for comparing the physical models, the CPL model is a better choice than
the Band model for a rough sample selection when we perform spectral fits.
We select two background intervals (before and after a burst, marked with ’Bkg.Selections’ in Figure
S2), and fitting the light curve with order 0-4 polynomial for one of the triggered NaI detectors. The
0-order of the polynomial can optimally describe a majority of bursts. The source selection is carried
out by which we visually inspected the TTE light curves from each of the 43 GRBs (labelled with
’Selection’ in Figure S2). The maximum likelihood-based statistics are used, the so-called Pgstat,
given by a Poisson (observation, Cash 1979)-gaussian (background) profile likelihood.
We reported the properties of all 43 GRBs in Table 1, together with their results of the time-
integrated spectral fits, which include the GBM triggered number, the each time-slice (time interval)
of pulses/sub-bursts, the temporal sequence of pulses/sub-bursts, the low-energy index α, the peak
energy Epk(c), of Band or CPL model; used the GBM triggered detectors, the selection criteria (peak
flux or fluence), and the -ln(L)/dof (degrees of freedom). Light curve of prompt emission, along with
8 https://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
9 https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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the source selection, the background selections, and the best background fitting, is shown in Figure
S2.
We note that here -ln(L)10/dof should approach 1 if the statistic follows a Chi-square distribution11.
We use the Pgstat12 rather than the Chi-square in this paper, this is why -2ln(L)/dof cannot be
expected to close to 1 for most of our cases (see Table 1). The detail discussion of why Pgstat
is preferred can be found in Greiner et al. (2016). The main reason that we are using different
statistics like Pgstat and Cstat rather than Chi-square is that in the Fermi data analysis here, counts
per bin are not large and each bin therefore cannot be considered as an observation from a normal
distribution. So when counts per bin become large enough, the Poisson distribution can be well
approximated by a Gaussian, then Pgstat or Cstat will approach Chi-square behaviour and then in
that case -2ln(L)/dof can be expected to be close to 1. Otherwise it is not necessary to be close to 1.
We next compare the low energy index α and peak energy Epk(c) between pulses/sub-bursts to
investigate how α and Epk(c) evolve in different pulses/sub-bursts within one single burst. If α and
Epk(c) values are very different, it indicates a different physical precess. In Figure S3, we present α
P-
αF (Fig.S3a) and EPpk(c)-E
F
pk(c) (Fig.S3b) relations
13 between different multi-pulses/sub-bursts based
on time sequence, and find the relations in later pulses show a more discrete behaviour comparing
with previous ones. This result is confirmed with the quantitative test by using the probabilities of
the nonparametric Kendall coefficient14. This indicates that the spectral evolution could be more
prominent to occur in the later pulses. On the other hand, we compare Epk(c) − α relation of
different pulses/sub-bursts (Figure S4), and find the Epk(c)−α relation generally presents two different
behaviors for two different α distributions, which show a positive correlation for α < ∼ -1.0 while
show a negative correlation for α > ∼ -1.0 in the log-linear plots. Moreover, in comparing with the
different empirical models, the slope obtained from the Band model is significantly steeper than that
of the CPL model for α < ∼ -1.0, while interestingly present the same for α > ∼ -1.0 (Figure S4).
In general, the global behaviour of Epk(c) present a hart-to-soft evolution (e.g., Lu et al. 2012). A
more detailed discussion of Epk(c) − α correlation with different physical scenarios, can be found in
Li et al (in prep.).
We select the bursts with such features in our sample: the low-energy index α above -2/3 (much
harder and close to 0) for the first pulse/sub-burst, and drop below -2/3 (generally range from
-3/2 to -2/3) for the second pulse/sub-burst. Totally, based on the time-integrated spectra fit-
ting results, we find 9 out of 43 bursts in our sample satisfy this criterion significantly. These
bursts are: GRB 090926181 (Ackermann et al. 2011), GRB 100719989, GRB 140206275(Go¨tz et al.
2014), GRB140329295, GRB 140523129, GRB 150330828, GRB 160625945 (Zhang et al. 2018), GRB
160820259 (Chand et al. 2018), and GRB 171102107. Such transition that across the line of the death
of synchrotron emission in different pulses/sub-bursts within a single burst could provide a good clue
for us to study the jet composition. Based on this, we finally obtain 4 interesting bursts with ade-
quate data for a further time-resolved spectral analysis and model discussion: GRB 140206B, GRB
10 Here -ln(L) need to multiply 2.
11 Chi-square distribution is defined as if all n independent random variables are subject to the standard normal
distribution, then the sum of the squares of these n random variables obeying the standard normal distribution
constitutes a new random variable, whose distribution rule is called χ2ν distribution, where the parameter ν is called
freedom degree. Chi-square distribution is a new distribution formed by a normal distribution. When the degree of
freedom ν is large, chi-square distribution is approximately normal.
12 Pgstat = -2 ln(L).
13 The symbol ’P’ and ’F’ represent previous and following pulses (or sub-bursts), respectively.
14 For the Band model αP-αF relations, we have τ=0.45 (1st-to-2nd), τ=0.41 (2nd-to-3rd), and τ=-0.33 (3rd-to-4th).
For the Band model EPpk-E
F
pk relations, one has τ=0.46 (1st-to-2nd), τ=0.25 (2nd-to-3rd), and τ=0.24 (3rd-to-4th).
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140329B, GRB 150330A, and GRB 160625B15. The lower-energy power-law index16, α, evolves with
time in different pulses/sub-bursts for those bursts and is shown in Figure 1.
2.4. Time Bin Techniques
To perform a time-resolved spectral analysis, how to effectively timebin the data is a curial issue,
since time-resolved spectral analysis is the main method of extracting information from the data.
Burgess (2014) investigated several techniques for temporal binning of GRB spectra: constant cadence
(CC), Bayesian blocks (BBs, Scargle et al. 2013), signal-to-noise ratio (S/N) and Knuth bins (KB),
and concluded that the S/N and the BBs are two most effective binning methods. Yet, both these
two techniques have their own disadvantages. Traditional S/N method ensures enough photons to
perform the spectral fits, but sometimes it could also destroy the physical structure. BBs refer to
the technique with the following features (Burgess 2014): (i) each time bin conforms to a constant
Poisson rate; (ii) time bins selected is conducted by algorithmically subdividing the flux history of
the GRB light curve; (iii) comparing the likelihood of the distribution of the count rate of each bin to
being piecewise constant or constant; (iv) possess a variable width and variable S/N; (v) the selection
of the time bins demonstrates the true variability of the data. Nevertheless, the technique does not
guarantee adequate signal in the bins to carry out an accurate spectral fit.
Therefore, to ensure all the advantages from both these two methods, we first use the BBs binning
method to timebin the data, then calculate the S/N value for each individual bin, and obtain the bins
which have suitable S/N values (we applied S/N greater than 20 in this paper). Time bins selected
in this case thus could be more reasonable.
In Figure S5, we take GRB 140206B as an example to show temporal evolution of the S/N based
on the BBs technique, along with its light curve of the prompt emission. Time evolution of the S/N,
indeed, tracks each other with its flux in all time bins.
2.5. Time-resolved Spectral Fit Results
We rebin the TTE data by using the BBs method with false alarm probability p0 = 0.01 to the TTE
light curves of one brightest NaI detector for each burst, and other used-trigged detectors follow the
same bin time information. Totally, we obtained 13 pulses/sub-bursts and 132 time-resolved spectra17
from these four bursts following the BBs. All these four bursts in our sample are long GRBs (type
II GRBs), with T90 being 93.6 (GRB 140206B), 21.5 (GRB 140329B), 153 (GRB 150330A), and 460
(GRB 160625B), respectively. Three bursts (except for GRB 140206B) show a clear short precursor
(Hu et al. 2014) characteristics before the main emission episode. The first pulses/sub-bursts for all
three bursts in our analysis are consistent with being a precursor of the main burst. This interesting
finding is inconsistent with some previous finding (e.g., Troja et al. 2010; Hu et al. 2014), which
claimed that no thermal precursor is found in early time. The reason for this could be that early
short precursors are typically so weak that they cannot ensure enough photons to perform precise
spectral fits. This is why we select the bright bursts in our sample. There is also another possibility.
If precursors have low S/N values18, the underlying spectrum may not be reliably obtained, since
15 Corresponding to the Fermi GBM triggered burst ID: GRB140206B (140206275), GRB140329B (140329295),
GRB150330A (150330828), and GRB 160625B (160625945).
16 Time-integrated spectral fit results for the first pulses give, 0.23±0.21 (Band) and 0.23±0.10 (CPL) for
GRB140206B; -0.32±0.26 (Band) and -0.59±0.14 (CPL) for GRB140329B; -0.21±0.06 (Band) and -0.30±0.08 (CPL)
for GRB150330A; and 0.02±0.16 (Band) and -0.29±0.13 (CPL) for GRB160625B.
17 The number of time-resolved spectra for each burst with their temporal sequence are: 140206B 3(1st), 12(2nd),
8(3rd); 140329B 4(1st), 6(2nd), 11(3rd); 150330A, 6(1st), 21(2nd), 9(3rd); 160625B, 7(1st), 38(2nd).
18 Note that we also keep these spectra that have lower S/N values (<20) in the analysis for precursors, since early
short precursors is always weak, and a majority time-resolved spectra of precursors have low S/N values (<20). This
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thermal seems to be coming simply from the fact that a model involving fewer parameters, and is
not physically meaningful.
Similar to the time-integrated spectral fits, we also find many cases show an unconstrained β in
the time-resolved spectra by the Band model fitting. On the other hand, the CPL model is the best
model for a majority of bursts in the GBM GRB time-resolved spectral catalogue as suggested in Yu
et al. (2016). We therefore use the CPL to perform time-resolved fits for our sample. One interesting
question is the difference of the α values comparing the CPL and the Band model (see §2.6). To clarify
this, we first take GRB 140206B as an example to study such questions by performing the detailed
spectral analysis. GRB 140206B was triggered by Gamma-Ray Monitor (GBM; 8 keV - 40 MeV) on
board the NASA Fermi Gamma-Ray Observatory, and had a fluence of (9.93±0.05)×10−5erg cm−2
in the energy range 10keV-1000kev. Light curve of the prompt emission of GRB 140206B shows three
clear distinct pulses (see Figure 2). Before the main pulse, we find a small pulse with a duration of
∼ 5 s. Such a case cannot be defined as a precursor since it does not have a long quiescent interval
between it and the main pulse.
Time evolution of α (both the Band and the CPL), Epk(c) (both the Band and the CPL), black-
body temperature, and blackbody flux FBB based on the time-resolved spectrum for GRB 140206B,
together with its light curve of prompt emission and typical spectral fits to each sub-burst are shown
in Figure 2. The best-fit parameters and their uncertainties, the -ln(posterior), the degree of freedom
of data, and the statistical parameter AIC, BIC and DIC, are presented in Table 2.
We obtain 4 spectra for the first pulse. We first fit the data with the CPL model and find all
α values are above 0, which are much higher than what is typically expected in the synchrotron
emission model. We are then motivated to fit the observed spectrum with the single Blackbody
(hereafter BB) model, find it can be fitted well by such model (an example is shown in Figure S6).
Also, comparing with the CPL model, the single BB has lower AIC, BIC and DIC scores, indicating
that the single BB is a preferred model to the data. We also try to add an additional component
to the BB component, and find that adding a CPL component to the BB neither improves of the
goodness-of-fit nor leads to constraints on the parameters of the new component. However, we find
adding a PL component to the BB can obtain a constraint on the parameters of the new component,
and an acceptable result of the goodness-of-fit.
Next, we perform the time-resolved spectral fits for the second and the third pulses by both the
Band and the CPL models. 10 spectra in 2nd and 7 spectra in 3rd are obtained19. We find the
parameter of β can not be well constrained for a majority of spectra, and range within [3.0-8.0].
However, we almost can obtain a good fit result for all the spectra by the CPL model. The result is
consistent with the finding in Yu et al. (2016). An example fit the data in a one-time bin of GRB
140206B comparing the Band model and the CPL model are shown in Figure S7 for the case of an
unconstrained parameter β and Figure S8 for the case of a constrained parameter β.
As discussed above, we adopt the following steps for the time-resolved spectral analysis for the rest
bursts (GRB 140329B, GRB 150330A, and GRB 160625B). GRB 140329B, GRB 150330A and GRB
160625B were all triggered by Gamma-Ray Monitor (GBM; 8 keV-40 MeV) on board the NASA
Fermi Gamma-Ray Observatory. GRB 140329B also has Fermi/IPN burst and LAT detection, and
the intense high-energy photo flux of GRB 160625B also triggered the Large Area Telescope (LAT)
indicates fewer spectra can be obtained and difficult to study its evolution properties. On the other hand, we also
discard the time bins before triggered time, which are indicated by ellipsis dots in the Tables for each analyzed bursts.
19 3 spectra are discarded since we require S/N value >20.
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on board Fermi, Konus-Wind, INTEGRAL/SPI-ACS, RHESSI and CALET (Zhang et al. 2018).
Both GRB 140329B and GRB 150330A have two sub-bursts which include three well-separated
pulses. The fluence in the energy range 10keV-40Mev for GRB 140329B is (6.70±0.03)×10−5erg
cm−2 and for GRB 150330A is (1.44±0.06)×10−4erg cm−2. GRB 160625B is one of the few extremely
bright bursts, composed three sub-bursts separated by two quiescent times, and has a fluence of
(6.43±0.02)×10−4erg cm−2 in the energy range 10keV-40Mev. All three bursts show a short precursor
before their main emission episodes but the duration of precursors and the quiescent interval are quite
different. GRB 140329B has a duration of the short precursor ∼ 1.6 s, and a quiescent interval ∼ 18
s, separated between the short precursor and the main burst. GRB 150330A has the longest duration
of a precursor, with ∼ 10 s. After the precursor, a very long quiescent interval is found before the
main bursts arrival, with ∼ 110 s. Similarly, a very long quiescent interval is also found in GRB
160625B, with ∼ 180 s. However, the duration of precursor for GRB 160625B is short20, with ∼ 1 s,
which is different from GRB 150330A but similar to GRB 140329B.
Since the first pulses/sub-bursts (hereinafter Part I) in our sample always are involved in a quasi-
thermal spectral component, we therefore use all kinds of models that contain the BB component
(e.g, single BB, PL+BB, CPL+BB, Band+BB) to perform the time-resolved spectral analysis, and
choose the best one from these models depending on how well the model via the hypothesis testing
(an example of the null hypothesis testing between the single BB and the PL+BB model is reported
in Table 3) and the AIC/BIC/DIC judgement (Figure S1). To choose the best model, we compare all
the used models (together with the CPL model) by analyzing the statical parameters for the brightest
time bins (the highest S/N value) for each burst. We present these statical parameters in Table 4,
which includes the -ln(posterior) for MCMC based on the Bayesian analysis, the AIC/BIC/DIC
scores, and the degree of freedom of data, dof. Based on the statical analysis, we also list the best-
model-suggested for each burst in the Table. Observationally, GRB spectra are typically fitted with
standard empirical models containing a single Band function with or without an additional blackbody
(Iyyani et al. 2015). However, we find the Band+BB components to fit the data show unconstrained
fit parameters for all the cases. Besides, in order to check the consistency of the results with the
time-integrated spectral fitting, we also redo the spectral fits with the CPL model, and find α values
are still very hard (above -2/3) for almost all the cases.
After the first pulses/sub-bursts, the subsequent pulses/sub-bursts (e.g. 2nd, 3rd, 4th, 5th, here-
inafter Part II) in our sample typically show a featureless non-thermal spectrum, we thus apply the
CPL model to perform the spectral fits. Similarly, we also redo the spectral fits with a BB com-
ponent if there still find a case with a hard α index (above -2/3). However, we find almost all the
resolved-spectra have a softer α index. Also, the CPL model can fit the data well for nearly all cases.
The typical spectral fits (the BB for Part I and the CPL for Part II) for our sample are presented in
Table 2, Table S1, Table S2, and Table S3.
As argued above, we find the best models of each sub-burst for time-resolved spectral fits for our
sample are:
• GRB 140206B: single BB (part I), CPL (part II);
• GRB 140329B: PL+BB (part I), CPL (part II);
20 The short duration of precursor with such long quiescent interval (e.g., GRB 160625B), giving it the appearance
of a traditional short GRB, which is undoubtedly related to the main event. To confirm this, the properties between
different sub-bursts need to be tested (Zhang et al. 2018).
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• GRB 150330A: CPL+BB (part I), CPL (part II);
• GRB 160625B: PL+BB (part I), CPL (part II).
All the best model in the final choice for both Part I and Part II are based on the likelihood-ratio
test, namely, hypothesis testing (see in Table 3 and §2.2.2). We apply the suggested best models
to derive the characteristic temperature of the photosphere emission, which is used to derive the
physical parameters of the photosphere (see §3). The detailed comparison between the single BB
component and the PL pulse the BB components based on the likelihood-ratio test, see Table 4.
Figures (3-5) present time evolution of α (CPL), Ec (CPL), temperature (BB), and Blackbody
flux FBB based on the time-resolved spectrum for the rest sample (GRB140329B, GRB150330A,
GRB160625B), together with their light curves of prompt emission and typical spectral fits to each
sub-burst. The evolution of the observed blackbody temperature kT either presents a power-law
(e.g. GRB 140206B and GRB 140329B) or a broken power-law decay (e.g. GRB 150330A and GRB
160625B). Initially, the temperature is constant with time, later on, presents a power-law decay
after a break, this is consistent with the typical evolution characteristics of kT, found in Ryde &
Pe’er (2009). It is interesting to find that the temporal evolution of the observed blackbody flux
FBB, indeed, tracking each other with the blackbody temperature kT for all these four bursts in our
sample21 (Crider et al. 1997; Ryde & Pe’er 2009).
After obtaining the observed blackbody temperature kT, the observed blackbody flux FBB, and the
observed total flux Ftot (thermal+non-thermal) from the spectral fits, following Pe’er et al. (2007),
we can derive the relevant photosphere properties (see §3 with a more detail discussion): the isotropic
equivalent luminosity of the thermal component LBB, the Lorentz factor of the bulk motion of the
flow at the photospheric radius η, and the physical size at the base of the flow r0.
2.6. Comparison of Spectral Characteristics with Different Scenarios
Before physics, the key point we need to address from data analysis is whether different phenomeno-
logical models (Band vs. CPL), types of spectrum (time-integrated vs. time-resolved), energy chan-
nels (e.g., one NaI triggered detector vs. all), and fitting techniques (frequentist statistic by using
the MLE vs. Bayesian statistic based on the MCMC) affect the results?
To account for this, we investigate the difference of α (or Epk(c)) values based on these different
scenarios (Figure 6). For different empirical model comparison (Band vs. CPL), we consider the
investigation with the following three cases (Figure 6a):
• Case I: the time-integrated spectrum by using the total sample, and the MLE method (based
on frequentist statistic), and all the triggered detectors.
• Case II: the time-resolved spectrum by using one single GRB (140206B), and the MCMC
technique (based on the Bayesian statistic), and all the triggered detectors.
• Case III: the time-resolved spectrum by using one single GRB (140206B), and the MCMC
technique (based on the Bayesian statistic), and one triggered-NaI detector.
We find α values for the CPL model are slightly softer than the ones for the Band model (Case I)
whereas the Epk(c), in general, present the same. Equivalently, the same result is also found in their
21 Note that the lower S/N values for some spectra in Part I would cause an un-constrained spectral fitting and an
un-realistic evolution picture. Such as: time bins (0.47-0.67) and (0.67-3.00) for GRB 140329B, and (0.93-2.00) for
GRB 160625B. Therefore, we need to caution this when performing a physical picture explaining.
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time-integrated spectrum (Case II). Note that our sample meets our selection criteria whether by the
Band model or by the CPL model fitting. For a more detailed discussion of a comparison with the
Band function fits, see Yu et al. (2018).
Besides, we also check the consistency between different energy channels by using one triggered
detector (Case III) to compare with all triggered detectors (Case II). One interesting finding is the
α values are more consistent with each other between these two models if only one NaI-triggered
detector is used (marked with orange in Figure 6a). The time-resolved spectral fitting results of
GRB 140206B are reported in Table 2.
For different fitting techniques (MLE based on the frequentist statistic vs. MCMC based on the
Bayesian statistic) comparison, we compare the values of α based on the same CPL model with
following two groups of S/N range (Figure 6b):
• Group I: the time-resolved spectrum by using one single GRB (140206B) with S/N≥20 and
using all the triggered detectors.
• Group II: the time-resolved spectrum by using one single GRB (140206B) with S/N<20 and
using all the triggered detectors.
We find that a majority of data points is consistent with each other (tightly distributed around the
equal line) for S/N≥20 (Group I), and only two data points are exceptions. For S/N<20 (Group II),
we find that the data points present significantly deviation, and with a larger error. This is because
lower S/N values can not ensure that there are enough photons to conduct an accurate spectral
fitting. This is why we apply for the criterion of S/N≥20.
Likewise, based on the same CPL model, we also compare α values between different energy channels
(using one NaI detector versus all, marked with blue in Figure 6b), it exhibits an apparent non-
monotonous relation. This implies the result could be prominently affected by the select effect.
On the other hand, we also compare the distributions of α (e.g., Geng & Huang 2013), and Epk(c)
(e.g., Schaefer 2003; Preece et al. 2016) between the Band and the CPL models, and between the
time-integrated and the time-resolved spectral fitting results, as presented in Figure 7. They are
all well fitted with Gaussian distributions for each sample. For α-distribution by the CPL model,
we have α=-0.89±0.32 based on the time-integrated spectral fits, and α=-0.88±0.25 based on the
time-resolved spectral fits. For α-distribution but by the Band model, we get α=-0.94±0.31 based on
the time-integrated spectral fits (Fig.7a). Similarly, by the same analysis for Ec-distribution, we find
logEc=2.34±0.27 based on the time-integrated spectral fits by the CPL model; and logEc=2.29±0.25
based on the time-resolved spectral fits also by the CPL model; and logEpk=2.48±0.25 based on the
time-integrated spectral fits but by the Band model (Fig.7b).
The results indicate that compared with the distributions based on the time-integrated spectral
fits between the Band and the CPL models, the distributions based on the CPL model between the
time-integrated and the time-resolved spectral fits are more consistent with each other, both in the
Epk(c)-distribution and in the α-distribution.
3. PHYSICAL SCENARIO
There are two main mechanisms for the acceleration of a GRB jet: thermally driven or magnetically
driven. The former one is relevant for a hot fireball and proceeds very rapidly, whereas the later is
relevant for a Poynting-flux-dominated outflow and proceeds relatively more slowly (Gao & Zhang
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2015). In this section, we constrain the outflow properties for those thermal pulses (Part I) to check
the photosphere emission origin, and confirm the optically-thin synchrotron emission for the later
pulses (Part II) based on some empirical relations.
3.1. Photosphere Emission Component and Determination of the Outflow Properties
In the early picture of the fireball model, the fireball is composed of the thermal photon and
electron-positron pair (Paczynski 1986; Goodman 1986). As the fireball expands and the optical
depth goes below unity (at the photosphere radius rph), the thermal energy of the photon will be
emitted as blackbody emission, and thus produce the photosphere emission. Later, it is found that a
small amount of the baryon should be included in the fireball, namely a baryonic fireball rather than
the pure radiative fireball (Shemi & Piran 1990). Since the photon luminosity of the fireball is much
larger than the Eddington luminosity, in other words, the radiation pressure exceeds self-gravity, the
fireball must expand (Meszaros & Rees 1993; Piran et al. 1993). As the fireball expands rapidly, the
thermal energy of photons will be converted into the kinetic energy of the baryons from an initial
nozzle radius r0. According to the conservation of energy and entropy, the bulk Lorentz factor of
the outflow increases with radius as Γ ∝ r while the comoving temperature of blackbody decreases
as T
′ ∝ r−1, before the saturation radius rs = ηr0, where the Lorentz factor reaches the maximum
value η ≡ Lw/M˙c2. Here Lw is the isotropic equivalent luminosity, M˙ is the ejection mass, and c is
the speed of light. Above the saturation radius rs, the Lorentz factor keeps being constant.
The dissipation mechanism, e.g., internal shocks (Paczynski & Xu 1994; Rees & Meszaros 1994;
Tang et al. 2017), magnetic reconnection (Giannios & Spruit 2005; Giannios 2006), or external shocks
(Meszaros & Rees 1993; Dermer & Mitman 1999) for the non-thermal emission is still uncertain.
However, it is clear that the thermal component originates from the photosphere. Therefore, once
identifying a blackbody component in the observed spectrum, as following we can derive the physical
parameters of the outflow (considering the case without subphotospheric dissipation): r0, rs, η, and
rph.
Pe’er et al. (2007) developed a method to determine the initial size of r0, and Lorentz factor Γ of
gamma-ray burst fireballs using a thermal emission component. The method in Pe’er et al. (2007)
can be applied for the pure fireball model (thermal γ photons+e± pair). Following Pe’er et al.
(2007), once we know all the three observed quantities: the observed blackbody temperature Tobs,
the observed blackbody flux FBB, and the observed total flux Ftot (thermal+non-thermal), we can
infer the values of the isotropic equivalent luminosity of the thermal component LBB, the Lorentz
factor of the bulk motion of the flow at the photospheric radius η, and the physical size at the base
of the flow r0. This is because in the pure fireball model there are three unknowns, LBB, η, and r0.
For the bursts with known redshift and measured thermal flux, LBB can be directly measured. The
calculations of η and r0 can follow Eq.(4) and Eq.(5) in Pe’er et al. (2007) if we know all these three
observed quantities (FBB, Tobs and Ftot).
3.1.1. Flux Ratio, FBB/Ftot
The observed blackbody flux, FBB, is calculated by integrating the intensity over the emitting
surface
FBB =
2pi
d2L
∫
dµµr2phD
4(σT
′4/pi), (6)
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where T
′
is the co-moving temperature at the photospheric radius; D = D(θ) is the Doppler factor,
D = (Γ(1− βµ))−1; so the observed blackbody temperature is, T = DT ′ = (Γ(1− βµ))−1T ′ , where
θ is the angle to the line of sight, µ ≡ cosθ, Γ = (1− β2)−1/2 is the outflow Lorentz factor.
The observed ratio of FBB/Ftot is shown in the left-hand panel in Figure 8 for bursts with the best
models of PL+BB or CPL+BB, here Ftot is the total flux. The evolution properties for this ratio vary
from burst to burst. GRB 140329B nearly displays a constant ratio throughout the first sub-pulse
with the thermal flux is about 30 per cent, while GRB 150330A show a single power-law decay with
the thermal flux initially is about 80 per cent and finally decrease to about 10 per cent. Interestingly,
the thermal flux of GRB 160625B initially increase from about 40 per cent and it peaks to about 50
per cent at around 0.3 s, and decrease to about 10 per cent in the last. The case is similar to GRB
110721A (Iyyani et al. 2013).
3.1.2. Parameter, <
Under the spherical symmetry (Pe’Er et al. 2007), the ratio between the observed quantity FBB
and T , which is denoted as <, can be measured by (for rph > rs)
< =
(
FBB
σSBT 4
)1/2
= ξ
(1 + z)2
dL
rph
Γ
, (7)
where σSB is the Stefan-Boltzman constant, and ξ is a numerical factor of the order of unity that
can be obtained from angular integration, z is the redshift and DL is the luminosity distance. The
ξ value is adopted as 1.06 in Pe’er et al. (2007). The observed blackbody normalisation, A(t), is
related to <, < = 2pic~3/2A(t)1/2, here ~ is the reduced Planck constant.
For bursts with known redshifts, the parameters < can be interpreted as an effective transverse
size of the emitting region (Ryde & Pe’er 2009). Therefore, a constant < means that the effective
emitting area of the photosphere is time independent. This is the case for GRB 160625B as presented
in the right-hand panel in Figure 8. Moreover, < typically is observed to increase over a pulse (Ryde
& Pe’er 2009), this is the case for most bursts in our sample, with two prominent cases of GRB
140329B and GRB 150330A.
To derive the parameters in the rest frame, the selected bursts should have known redshift. A
redshift measurement of 2.73 is for GRB 140206B (Malesani et al. 2014), and 1.406 is for GRB
160625B (Zhang et al. 2018). However, GRB 140329B and GRB 150330A are without known redshift.
On the other hand, Iyyani et al. (2013) investigated how the different values of redshift affect the
results, and pointed out that, for different values of z, the estimated outflow parameters change
within a factor, but the time evolution of the behaviour of the parameters remains the same. We
therefore assume an average value of GRBs (Bagoly et al. 2006), z=2, for the calculation (see also in
Iyyani et al. 2013).
3.1.3. Lorentz Factor, Γ
The coasting values of the Lorentz factor (rph > rs) is derived by (see also Eq.(4) in Pe’er et al.
2007)
Γ ∝ (F/<)1/4Y 1/4, (8)
where Y is the ratio of total fireball energy and the energy emitted in gamma-rays.
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As depicted in Figure 9, temporal evolution of the Lorentz factor either shows an approximately con-
stant (e.g. GRB 140206B) or a monotonic decay behaviour (e.g. GRB140329B exhibits a monotonic
decline throughout the pulse), or both (initially approximately constant then decay faster, e.g. GRB
150330A, GRB 160625B). The best fitting gives the power-law indices of 0.01±0.07 for GRB140206B
and -0.51±0.03 for GRB140329B. We fit GRB150330A and GRB160625B with a smoothly broken
power-law function, which gives the best fitting power-law indices of 0.69±0.52 (before the break)
and -0.52±1.44 (after the break) for GRB150330A, and 0.37±0.27 (before the break) and -0.89±0.33
(after the break) for GRB160625B.
The global view on the evolution of the Lorentz factor decay with time from a few 100 Y 1/4 down
to below 100 Y 1/4 (e.g., Fan & Wei 2011; Peng et al. 2014). The decreasing Lorentz factor may have
several implications (Iyyani et al. 2013). Since < typically is observed to increase over a pulse, the
decrease of the values of Γ = Γ(t) is not surprising by realizing the fact that < ∼ L0/Γ4, such a
decrease must, therefore, be a common characteristics form over individual pulse structures in GRBs
(Ryde & Pe’er 2009). This is because during the rising phase of the pulse, both the total flux and
< increase with nearly an approximate rate, the Lorentz factor thus is close to a constant or shows
only a moderate decrease with time. However, Γ decays much faster during the decay phase since <
continues to increase whereas the flux, instead, deceases (Iyyani et al. 2016).
3.1.4. Nozzle Radius, r0
After obtaining <, the calculation of r0 for the case of rph > rs is given by (see also in Eq.(5) in
Pe’er et al. 2007),
r0 ∝ (FBB/FY )3/2<. (9)
Figure 10 presents the evolution of the radii (r0, rs, rph). The nozzle radius, r0, presents a moderate
decrease with time for GRB 140206B, GRB 150330A, and GRB 160625B, with a size of the order of
from 108 to 109 cm. Interestingly, the r0 of GRB 140329B increases by nearly two orders of magnitude
throughout the first pulse.
3.1.5. Saturation Radius, rs
Once we know r0, we can get an estimate of the saturation radius, rs, which is given by
rs = Γr0. (10)
We find rph is above rs in the bursts of our sample, with a typical size ∼1011 cm (see Figure 10).
3.1.6. Photospheric Radius, rph
Considering a relativistic bulk motion, for a photon propagating a distance ds, the optical depth, τ ,
is given by τ =
∫∞
rph
nσT
2Γ2
dr, where σT is the Thomson cross-section, n is the electron number density,
and ds = (1 − βcosθ)dr/cosθ, θ is the angle from line-of-sight, and considering the case of electron
motion in the direction of photon, θ = 0. Assuming the Lorentz factor is constant (i.e. in the coast
phase: r > rs, Γ ≡ η), the optical depth can be integrated by covering the distance τ = L0σT8pimpc3Γ2η 1r ,
the photosphere radius (τ = 1) therefore can be calculated by,
rph =
L0σT
8pimpc3Γ3ph
, (11)
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where L0 is the burst luminosity, which is given by L0 = 4pid
2
LY Ftot, where dL is the luminosity
distance, Ftot is the total observed γ− ray flux (thermal+non thermal).
As shown in Figure 10, the photospheric radius, rph, shows an increase with time for GRB 150330A
while a moderate decrease with time for GRB 140206B, with the size ranging from ∼1012 Y 1/4 cm
to ∼1013 Y 1/4 cm. GRB 140329B and GRB 160625B are without a significant varying throughout
the pulses, exhibiting constant values of rph, with a size of the order of 10
13 Y 1/4 cm. The size scale
and the moderate variation for the bursts are similar to the results found in some previous studies
(Ryde et al. 2010; Guiriec et al. 2013; Iyyani et al. 2013).
3.1.7. Parameter, Y
Parameter Y relates to the radiative efficiency (Y −1) of the bursts, which is defined as
Y =
L0
Lobs,γ
, (12)
where Lobs,γ is the observed γ-ray luminosity. As discussed in §3.1.3, since the estimations of Γ
depend on the parameter Y (Eq.8), the determined evolution in Γ(t) therefore could be attributed
to corresponding variations in Y (t).
Parameter Y can be inferred from afterglow measurement (Racusin et al. 2011; Wygoda et al. 2016).
Wygoda et al. (2016) found that there is relatively small scatter in the estimates of the radiative of
bursts with an average value of Y ∼ 2, which suggests that large variations in Y within individual
bursts are unlikely. Moreover, to investigate this further, Iyyani et al. (2013) assumed a constant
Γ throughout the burst, and found a large variation in Y within individual bursts in all analysed
bursts in their sample, the corresponding estimated value of Y increases with time from nearly 1 to
1000. Since the evolution in Y (t) also affects the value of r0, then they calculated the r0 based on
such evolution of Y , and found in all bursts r0 decreases from ∼108 to 103 cm, which is inapposite
with the Schwarzschild radius of the central black hole, since the Schwarzschild radius is the order
of about 106.5 cm (Paczyn´ski 1998), and the inferred r0 values are smaller than the Schwarzschild
radius. Therefore, Iyyani et al. (2013) concluded that a large variation of Y cannot account for the
observed decrease in Γ. The result confirms the finding in Wygoda et al. (2016).
None of the bursts were observed with afterglow (e.g., Li et al. 2012, 2015, 2018a) in Iyyani et al.
(2013), this is why they made such an assumption. Fortunately, we find one burst, GRB 140206B, in
our sample, have a good afterglow measurement. This could provide us with a clue to determine the
parameter Y directly. GRB 140206B was found to have a black hole central engine (Li et al. 2018b),
with prompt γ-ray energy Eγ,iso = 30.68 ± 1.12, and isotropic kinetic energy EK,iso = 46.28 ± 8.34,
in units of 1052 erg. We therefore obtain an estimation of the parameter Y with afterglow emission
for GRB 140206B as ∼ 2.51. This result also confirms well the findings in Iyyani et al. (2013)
and Wygoda et al. (2016). It should be also noted that estimating Y from afterglow modeling
may critically depends on the estimation of kinetic energy EK. Here we consider only the X-ray
band (Wygoda et al. 2016; Li et al. 2018b) to estimate EK, which could also result in a significant
underestimate of the true energy of the blast-wave (e.g., Beniamini et al. 2015, 2016).
3.1.8. Correlation Analysis
Correlation analysis plays an important role in the understanding of GRB physics, it provides a
clue help for us to reveal their nature, (e.g. the Amati relation, Amati et al. 2002). Figure 11 displays
several correlations in the flow parameters.
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In the left-top panel in Figure 11, we show the observed blackbody flux, FBB, as a function of the
temperature, kT. This correlation is also known as the hardness-intensity correlations (Borgonovo
& Ryde 2001; Ryde & Pe’er 2009). The energy flux is found to increase with the temperature
in most cases in our sample (except for GRB 140206B with only three-time bins). Ryde & Pe’er
(2009) analysis the correlation with a BATSE sample, and point out that, such a hardness-intensity
correlation can be described as FBB ∝ T δ with a power-law index of δ ' 4, and this is the fundamental
property of a blackbody emitter. In our cases, we find similar results, the best fit results (see the
dashed lines in Figure 11) show a power-law index of 3.95±0.25 for GRB 160625B, 3.21±1.11 for
GRB 140329B, and 1.60±0.41 for GRB 150330A.
In the right-top panel in Figure 11, we display the parameter < plotted versus its temperature kT
for these bursts. We find a tight negative correlation for all the bursts. The best fitting gives the
power-low indices as -1.71±0.57 for GRB 140329B, -1.10±0.14 for GRB 150330A and -0.38±0.13 for
GRB 160625B.
In the left-bottom panel in Figure 11, we compare the blackbody luminosity LBB with the non-
thermal luminosity LNon−thermal within the bursts. We also find a hardness-intensity correlation
in this, the blackbody luminosity is found to increase with the non-thermal luminosity, and the
blackbody luminosity for all our bursts are found slightly below to the non-thermal luminosity. The
best fitting gives the power-low indices as 0.81±0.09 for GRB 140329B, and 1.57±0.11 for GRB
160625B.
In the right-bottom panel in Figure 11, we present the Lorentz factor Γph against the the blackbody
luminosity LBB. A tight positive correlation is also found in our sample, the power-low indices
typically range within [0.25,0.50]. We obtain 0.44±0.02 for GRB 140329B, 0.37±0.04 for GRB
150330A, and 0.28±0.02 for GRB 160625B.
3.2. Synchrotron Emission Component
Phenomenologically, most GRBs can be explained by an observed non-thermal spectrum, that is,
the synchrotron component. In this section, we study another case that a cold Poynting-flux fully
dominated outflow for the following pulses (Part II) of our sample.
We revisited the method was applied in Iyyani et al. (2016) for our sample. We first simply review
the basic points of synchrotron emission22. The dissipation of the kinetic energy of the outflow at a
certain radius accelerates the electrons to some characteristic Lorentz factor, and the observed peak
energy of synchrotron emission from these electrons can be written as
Esyn =
3
2
~
qB
mec
γ2e
Γ
(1 + z)
, (13)
where ~ is the reduced Plank constant, q and me are the charge and the mass of an electron, respec-
tively, B is the magnetic filed intensity in the comoving frame. The observed flux from synchrotron
emission is given by
Fsyn =
σT cΓ
2γ2eB
2Ne
24pi2d2L
, (14)
22 Here note that the model is based on implicitly assuming isotropic synchrotron emission in the co-moving frame.
However, there have been various works in recent years suggesting that there should be bulk relativistic motions in
the co-moving frame, either due to ”mini-jets” (e.g., Lyutikov & Blandford 2003; Kumar & Narayan 2009; Lazar et al.
2009; Giannios et al. 2009; Barniol Duran et al. 2016; Beniamini et al. 2018) or due to a striped wind magnetic field
geometry (e.g., Beniamini & Granot 2016). Specifically, this effect can have important implications on the pulse width.
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where Ne is the number of radiating electrons. The electrons will cool when they emit radiation, and
the radiative cooling time is given by
tcool =
6pimec
σTB2pi2Γγ2e (1 + Y)
, (15)
where Y is the Compton Y-parameter. The dynamical time can be defined as23
tdyn ' R
2Γ2c
. (16)
There are two cases: (i) fast-cooling: tdyn > tcool, the electron lose all their energy by synchrotron
radiation within the dynamical time, and all the electrons cool fast down to νc (characteristic fre-
quency); (ii) slow-cooling: tdyn < tcool, the electrons do not efficiently radiate and therefore do not
lose their energy within the dynamical time.
The synchrotron emission model is troubled by many uncertain parameters. In general, it is difficult
to constrain all relevant parameters precisely, since there are only a few observed qualities. One thing
we usually need to think is how to effectively constrain the synchrotron emission model parameters
through a finite number of observations.
Assuming that the properties of the outflow are the same at the photosphere and at the dissipation
site, we can give a constraint for the Bγ2e in each time bin from Eq.(13),
Bγ2e =
Esyn(1 + z)4pimec
Γ3hq
. (17)
We show them as the black lines in Figure 12, where constraint obtained for three time bins are
plotted: one before (earliest), one at, and one after (latest) the peak photon flux in order to capture
the time evolution.
Furthermore, Eq. (13) is substituted in Eq. (17), we therefore can obtain the expression of the
cooling time, tcool, as a function of γe (see the right hand y-axis in Figure 12),
γ3e
(1 + Y)tcool =
8pimecσTE
2
syn(1 + z)
2
27Γh2q2
. (18)
The cooling timescale, tcool, is very sensitive to the change in γe as described in Eq. (18), resulting
in longer cooling time for large values of γe.
Over the blue lines, we mark the dynamical time Eq.(16) for rph and tpulse with green and red
stars, as well as the dynamical time for 1014 cm (grey star). There are three regimes, (i) the red area
lines show the values of γe and B that result in tcool < tdyn(rph) for all allowed values of rd > rph,
which indicates the electrons are always in the fast cooling regime. (ii) The width of the pulse of the
bursts, tpulse, can give an upper limit of the dynamical time, which corresponds to an upper limit
of the allowed dissipation radius, rd,max = 2Γ
2ctpulse. Therefore the orange area lines represent the
values of γe and B will always result in tcool < tpulse, which is in the slow cooling regime for the
allowed values of rd. (iii) Finally, the black area lines represent the values of γe and B for the case
23 Eq. (16) only holds if the width of the emitting shell is determined by the causal length scale (Beniamini & Piran
2013).
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tdyn(rph) < tcool < tpulse, which can result in synchrotron emission for electrons either cooling fast or
slow depending on what is corresponding dynamical time and where the dissipation occurs.
On the other hand, since the observed peak energy of synchrotron emission (here assuming the peak
energies of synchrotron emission are the same as derived from the CPL model) can be derived from
the spectral fits. According to Eq.(17), one has Bγ2e ∝ Γ−1. Analytically in prior articles (Beniamini
& Piran 2013; Uhm & Zhang 2014) it is suggested that both B, and γe, evolve during the burst. One
question is that if assuming a constant Γ throughout burst, how is the evolution characteristics of
Bγ2e? Since Γ is with a typical value of a few hundred, one can therefore reliably estimate the typical
values of Bγ2e . We thus can study the evolution of Bγ
2
e in all time bins within bursts.
To investigate this further, we illustrate the evolution of Bγ2e within bursts for different Γ values
(Γ=100, 300, 600, 1000) for all the analysed bursts in Figure S9. We find Bγ2e indeed decreases with
time, and has a narrow distribution, typically range from 1011 to 1012 for all the cases. This, in turn,
suggests that Γ decreases during the bursts. Also, if considering a lower limit on B being between
10−3 and 10−4 G, and therefore an upper limit on γe lying ∼ few 107, this result is consistent with the
finding in Iyyani et al. (2016), or if considering a typical value of B ∼ 103 G, thereby γe lying ∼ 104.
Furthermore, we also show the distributions of Bγ2e for these typical values of Γ in Figure S9. All the
distributions can well be fitted by the Gauss function. The typical fits give log Bγ2e=11.81±0.19 for
Γ=100, log Bγ2e=11.26±0.18 for Γ=300, log Bγ2e=10.95±0.19 for Γ=600, and log Bγ2e=10.83±0.18
for Γ=1000.
4. DISCUSSION AND CONCLUSION
4.1. Magnetisation parameter, σ0, and the hybrid jet system
The physical scenarios discussed above indeed always focus on the extreme cases: either a pure
hot fireball dominated outflow or a Poynting-flux fully dominated outflow. However, another more
natural possibility is that the central engine of GRB jets is more likely to be a hybrid system, which is
involved in both a hot fireball component and a cold Poynting-flux component simultaneously (e.g.,
Ryde 2005; Giannios 2006; Battelino et al. 2007; Ryde & Pe’er 2009; Guiriec et al. 2011; Axelsson
et al. 2012; Iyyani et al. 2013; Burgess et al. 2014; Gao & Zhang 2015; Be´gue´ & Pe’er 2015; Nappo
et al. 2017; Beniamini & Giannios 2017). Based on this fact, a theory of photosphere emission for a
hybrid outflow with a hot fireball component and a cold Poynting-flux component has been developed
in Gao & Zhang (2015). Two parameters are used to describe the hybrid outflow: the dimensionless
entropy for the hot component η = Lhot/M˙c
2 and the magnetisation parameter for the Poynting-
flux component σ0 ≡ LPoynting/Lhot. The different combination of the parameters (η, σ0)24 mainly
correspond to three types of observation: (i) if η  1 and σ0  1, a pure hot fireball is obtained
(e.g., the most typical case, GRB 090902B with dominated blackbody component); (ii) if η is smaller
and σ0 is larger, the photosphere emission component becomes sub-dominant with a non-thermal
component (e.g., GRB 110721A, which can be best fitted by the Band function plus a blackbody.);
(iii) if η is close to unity and σ0  1, the outflow is fully dominated by the Poynting flux (e.g., GRB
080916C). In Gao & Zhang (2015), the photosphere parameters for these different regimes of (η, σ0)
are derived. However, for the hybrid model, further constraints by observation are required.
24 Note that in the ’hybrid’ models, changing η, σ0 may result in completely different dynamics for the jet. For
example, for magnetically dominated jets, the Lorentz factor no longer evolves linearly with radius (Drenkhahn 2002;
Giannios & Uzdensky 2019). This can have significant affects on the resulting radiation of both the thermal component
(Beniamini & Giannios 2017) and application to data in Xiao et al. (2018).
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4.2. Polarization, Future Prospects
Theoretically, photon polarization is an extra important tool to diagnose jet composition and
radiation mechanism (Toma et al. 2009; Lundman et al. 2013; Zhang 2014). Thus, the transition of
the jet composition in quite a number of GRBs found in this work can be tested by the observation of
polarization. This test can not be achieved by the current polarization data (e.g., the POLAR detect,
Zhang et al. 2019), which is eager for future observations. Interestingly, three bursts (GRB 140206B,
160625B, and GRB 160820A) in our sample are reported to have the observation of polarization (Go¨tz
et al. 2014; Troja et al. 2017; Chand et al. 2018). Besides, the corresponding X-ray, optical and other
energy-band afterglows for these bursts may also be different, which requires further observations to
confirm in the future.
4.3. Conclusion
In this paper, we systematically searched evidence of the transition from fireball to Poynting-flux-
dominated outflow of GRBs with Fermi data. We first fit the time-integrated spectra for the bursts
with the Band and the CPL models, respectively, and found α is much harder (close to 0) for Part
I (the first pulse/sub-burst). We then further fit the time-resolved spectra in each slice with the
CPL model, also found the results are consistent with the former analysis. Such a photon index
is beyond the so-called synchrotron line of death (α=-2/3, Preece et al. 1998), and is much harder
than the typical α value (α=-1.0) of long GRBs, thus suggests a significant contribution of thermal
emission from the fireball photosphere (Ryde et al. 2010; Me´sza´ros & Rees 2000). Furthermore, it is
interesting to find that three bursts exhibit a thermal precursor before the main bursts (Murakami
et al. 1991). Part II (the following pulses/sub-bursts) can not be fitted by a Plank function, but can
be well fitted by the empirical CPL function, suggesting a synchrotron origin. The average α of the
time-integrated spectra for Part II is consistent with the typical α distribution.
In summary, after performing a detailed spectral analysis, except for GRB 160625B, we find three
more bursts whose spectral properties of the pulses/sub-bursts are quite different, showing the transi-
tion from thermal emission to non-thermal emission between well-separated pulses/sub-bursts within
a single GRB. Such a transition is likely to be the evidence of the change of jet composition from a
hot fireball to a cold Poynting-flux-dominated outflow. The main results can be drawn as follows:
• 43 bright Fermi bursts exhibit at least two clear pulses in their prompt emission light curves
in our sample. Totally, 9 out of 43 bursts (∼ 21%) are found to have a transition from fireball
(thermal) to Poynting-Flux-Dominated (non-thermal) outflow based on the time-integrated
spectra. It indicates such a transition is commonly detected in the bright multi-pulse Fermi
bursts.
• Among these bursts, we select 4 cases (including GRB 160625B) with adequate data to per-
form the detailed time-resolved spectral analysis. 3 out of 4 bursts present an early precursor
before the main burst, which shows thermal characteristic exists in both their time-integrated
spectrum and time-resolved spectra. Moreover, we also find the duration of the early thermal
component is much shorter than the non-thermal component, which implies the thermal process
proceeds more rapidly than the non-thermal.
• Part I, indeed, can be well fitted by the model which contains a BB component. Based on the
model of thermal+ non-thermal components, we derive outflow properties, which are consistent
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with the typical observation from the photosphere emission. Part II, can be well explained by
the optically-thin synchrotron emission component.
• Other interesting results:
(1) The spectral evolution could be more prominent to occur in later pulses.
(2) The low-energy power-law index α, obtained from the CPL model, is slightly softer than
that from the Band model.
(3) We have introduced a new, more reasonable time-bin method of the time-resolved spectra,
which combines the advantages of both the traditional S/N and the BBs techniques.
(4) We find that, in comparing with the distributions of the different empirical models (the
Band and the CPL) based on the same type of spectrum (time-integrated), the distributions
of different type of spectra (time-integrated and time-resolved) based on the same model (the
CPL) are more consistent with each other, whether by the Epk(c)-distribution or by the α-
distribution.
We conclude that a good fraction of the multi-pulse Fermi bursts present implication of the transition
from fireball to Poynting-Flux-Dominated outflow.
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Table 1. Results of the Time-integrated Spectral Fits of Our Total Sample
Burst ID t1∼t2 Sequence α Ec Model Detector Selected by -ln(likelihood)/dof
(s) (keV)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
081009140 0.0∼8.0 1st -1.12+0.03−0.03 55+18−17 CPL n3,b1 PeakFlux 1134/212
081009140 36.0∼50.0 2nd -1.50+0.70−0.70 19+14−8 CPL n3,b1 PeakFlux 1248/212
081215784 0.0∼2.9 1st -0.72+0.18−0.18 688+40−35 CPL n9,na,nb,b1 PeakFlux 1838/438
081215784 2.9∼4.4 2nd -0.58+0.04−0.04 210+15−14 CPL n9,na,nb,b1 PeakFlux 1295/438
081215784 4.4∼8.0 3rd -0.75+0.03−0.03 250+16−15 CPL n9,na,nb,b1 PeakFlux 1844/438
090618353 0.0∼45.0 1st -0.87+0.09−0.09 154+26−22 CPL n4,b0 PeakFlux 1659/212
090618353 45.0∼76.0 2nd -1.03+0.02−0.02 241+11−10 CPL n4,b0 PeakFlux 1606/212
090618353 76.0∼103.0 3rd -1.11+0.02−0.02 141+6−6 CPL n4,b0 PeakFlux 1494/212
090618353 103.0∼116.0 4th -1.33+0.06−0.06 100+12−11 CPL n4,b0 PeakFlux 1246/212
090926181 0.0∼8.0 1st -0.60+0.01−0.01 267+6−6 CPL n3,n6,n7,b1 Fluence 2202/343
090926181 8.0∼20.0 2nd -0.89+0.01−0.01 225+6−6 CPL n3,n6,n7,b1 Fluence 2266/343
091127976 0.0∼1.0 1st -1.15+0.03−0.03 108+7−6 CPL n6,n7,n9,b1 PeakFlux 905/341
091127976 1.0∼2.0 2nd -1.37+0.03−0.03 276+32−28 CPL n6,n7,n9,b1 PeakFlux 881/341
091127976 6.5∼8.5 3rd -1.89+0.08−0.08 60+9−8 CPL n6,n7,n9,b1 PeakFlux 1112/341
100719989 0.0∼3.4 1st -0.34+0.04−0.04 235+17−16 CPL n4,n5,b0 PeakFlux 1015/228
100719989 3.4∼10.0 2nd -0.51+0.04−0.04 148+10−9 CPL n4,n5,b0 PeakFlux 1197/228
100719989 20.0∼24.0 3rd -0.85+0.11−0.11 230+60−50 CPL n4,n5,b0 PeakFlux 945/228
100826957 -1.0∼50.0 1st -0.79+0.02−0.02 323+22−20 CPL n7,n8,b1 Fluence 2146/230
100826957 58.0∼110.0 2nd -1.12+0.03−0.03 278+32−29 CPL n7,n8,b1 Fluence 2034/230
100829876 0.0∼1.4 1st -0.42+0.07−0.07 113+11−10 CPL n2,b0 PeakFlux 805/221
100829876 1.4∼1.9 2nd -0.69+0.11−0.11 200+50−40 CPL n2,b0 PeakFlux 577/199
101014175 0.0∼16.0 1st -0.98+0.01−0.01 200+8−7 CPL n6,n7,b1 Fluence 2108/325
101014175 16.0∼40.0 2nd -1.38+0.02−0.02 280+25−23 CPL n6,n7,b1 Fluence 2242/325
101014175 98.0∼120.0 3rd -1.15+0.05−0.05 162+20−18 CPL n6,n7,b1 Fluence 2234/325
101014175 155.0∼170.0 4th -1.12+0.08−0.08 370+159−110 CPL n6,n7,b1 Fluence 2056/324
101014175 195.0∼230.0 4th -0.88+0.29−0.29 390+140−40 CPL n6,n7,b1 Fluence 2600/324
110301214 0.0∼3.5 1st -0.81+0.02−0.02 108+3−3 CPL n7,n8,nb,b1 PeakFlux 1686/341
110301214 3.7∼8.0 2nd -1.11+0.03−0.03 103+5−5 CPL n7,n8,nb,b1 PeakFlux 1755/341
110625881 -1.0∼9.7 1st -0.66+0.12−0.12 193+40−34 CPL n7,n8,nb,b1 PeakFlux 2556/439
110625881 9.7∼18.0 2nd -0.87+0.03−0.03 204+15−14 CPL n7,n8,nb,b1 PeakFlux 2492/439
110625881 20.0∼27.0 3rd -0.79+0.02−0.02 142+5−5 CPL n7,n8,nb,b1 PeakFlux 2455/439
110625881 27.0∼32.0 4th -1.04+0.04−0.04 179+15−14 CPL n7,n8,b1 PeakFlux 2128/439
110825102 0.0∼14.0 1st -1.21+0.05−0.05 182+22−20 CPL n3,n6,n7,b1 PeakFlux 2341/342
110825102 14.0∼21.0 2nd -0.91+0.02−0.02 260+14−13 CPL n3,n6,n7,b1 PeakFlux 2122/342
Table 1 continued on next page
24 Li.
Table 1 (continued)
Burst ID t1∼t2 Sequence α Ec Model Detector Selected by -ln(likelihood)/dof
(s) (keV)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
110903009 0.0∼2.7 1st -1.30+0.23−0.23 54+19−14 CPL n2,n5,b0 PeakFlux 1408/326
110903009 2.7∼7.0 2nd -1.36+0.11−0.11 33+4−3 CPL n2,n5,b0 PeakFlux 1551/326
110903009 19.9∼28.0 3rd -1.42+0.08−0.08 270+10−70 CPL n2,n5,b0 PeakFlux 1860/326
120204054 1.0∼40.0 1st -0.95+0.03−0.03 172+11−10 CPL n0,n1,n3,b0 PeakFlux 2616/441
120204054 40.0∼52.0 2nd -1.19+0.02−0.02 240+17−15 CPL n0,n1,n3,b0 PeakFlux 3765/441
120328268 0.0∼16.8 1st -0.78+0.02−0.02 222+12−11 CPL n7,n9,nb,b1 PeakFlux 3111/437
120328268 16.8∼40.0 2nd -1.02+0.03−0.03 198+14−13 CPL n7,n9,nb,b1 PeakFlux 3214/437
120728434 -1.0∼4.0 1st -0.69+0.27−0.27 120+60−40 CPL n1,n2,n5,b0 Fluence 2203/438
120728434 4.0∼55.0 2nd -0.12+0.05−0.05 53+2−2 CPL n1,n2,n5,b0 Fluence 6463/438
120728434 65.0∼95.0 3rd -0.26+0.04−0.04 447+14−14 CPL n1,n2,n5,b0 Fluence 5956/438
130504978 0.0∼22.0 1st -0.94+0.02−0.02 810+80−80 CPL n2,n9,na,b1 Fluence 3020/440
130504978 22.0∼42.0 2nd -1.15+0.02−0.02 700+80−70 CPL n2,n9,na,b1 Fluence 2919/440
130504978 45.0∼59.0 3rd -1.48+0.05−0.05 830+400−280 CPL n2,n9,na,b1 Fluence 2596/440
130504978 59.0∼74.0 4th -1.22+0.02−0.02 640+80−70 CPL n2,n9,na,b1 Fluence 2739/440
130504978 74.0∼84.0 5th -1.39+0.07−0.07 260+70−60 CPL n2,n9,na,b1 Fluence 2361/440
130606497 0.0∼12.0 1st -0.87+0.02−0.02 580+40−40 CPL n7,n8,b1 Fluence 1509/228
130606497 12.0∼22.0 2nd -1.33+0.01−0.01 3100+700−600 CPL n7,n8,b1 Fluence 1454/228
130606497 35.0∼48.0 3rd -1.04+0.02−0.02 290+20−18 CPL n7,n8,b1 Fluence 1438/228
130606497 48.0∼63.0 4th -0.92+0.03−0.03 207+12−11 CPL n7,n8,b1 Fluence 1484/228
131127592 0.0∼5.4 1st -1.03+0.03−0.03 309+28−26 CPL n1,n2,n5,b0 PeakFlux 2132/442
131127592 5.4∼15.5 2nd -1.15+0.03−0.03 241+18−16 CPL n1,n2,n5,b0 PeakFlux 2523/442
131127592 15.5∼20.0 3rd -1.01+0.04−0.04 135+11−10 CPL n1,n2,n5,b0 PeakFlux 2040/442
140206275 0.0∼4.7 1st 0.23+0.10−0.10 109+11−10 CPL n0,n1,n3,b0 PeakFlux 1902/441
140206275 4.7∼25.0 2nd -0.86+0.01−0.01 349+14−13 CPL n0,n1,n3,b0 PeakFlux 3136/441
140206275 25.0∼50.0 3rd -1.21+0.03−0.03 219+17−15 CPL n0,n1,n3,b0 PeakFlux 3065/441
140213807 -1.0∼5.0 1st -1.19+0.03−0.03 255+24−22 CPL n0,n1,b0 PeakFlux 2356/442
140213807 5.0∼12.0 2nd -1.15+0.04−0.04 83+5−5 CPL n0,n1,b0 PeakFlux 2454/442
140329295 -1.0∼1.6 1st -0.59+0.14−0.14 114+24−20 CPL n8,nb,b1 PeakFlux 1101/326
140329295 19.0∼22.8 2nd -0.77+0.03−0.03 203+11−10 CPL n8,nb,b1 PeakFlux 1428/326
140329295 22.8∼28.7 3rd -0.86+0.02−0.02 227+9−9 CPL n8,nb,b1 PeakFlux 1687/326
140416060 -1.0∼5.4 1st -1.14+0.07−0.07 123+16−14 CPL n2,b0 PeakFlux 989/225
140416060 5.4∼18.0 2nd -1.20+0.04−0.04 144+11−10 CPL n2,b0 PeakFlux 1221/225
140416060 18.0∼50.0 3rd -1.26+0.06−0.06 148+19−17 CPL n2,b0 PeakFlux 1513/225
140508128 0.0∼10.0 1st -0.91+0.03−0.03 325+28−26 CPL na,b1 PeakFlux 1200/211
140508128 23.0∼29.0 2nd -0.72+0.05−0.05 152+15−14 CPL na,b1 PeakFlux 1011/211
140508128 38.0∼42.0 3rd -1.23+0.07−0.07 200+40−40 CPL na,b1 PeakFlux 878/211
Table 1 continued on next page
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Table 1 (continued)
Burst ID t1∼t2 Sequence α Ec Model Detector Selected by -ln(likelihood)/dof
(s) (keV)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
140508128 46.5∼48.2 4th -0.51+0.20−0.20 51+11−9 CPL na,b1 PeakFlux 577/211
140523129 0.0∼2.6 1st -0.64+0.05−0.05 292+35−31 CPL n3,n4,n5,b0 PeakFlux 1809/442
140523129 2.6∼6.5 2nd -0.53+0.04−0.04 237+17−16 CPL n3,n4,n5,b0 PeakFlux 2088/442
140523129 6.5∼11.7 3rd -0.82+0.03−0.03 185+11−10 CPL n3,n4,n5,b0 PeakFlux 2240/442
140523129 11.7∼23.0 4th -1.20+0.04−0.04 120+11−10 CPL n3,n4,n5,b0 PeakFlux 2681/442
140810782 0.0∼20.0 1st -0.67+0.07−0.07 207+30−27 CPL n2,n5,b0 Fluence 2335/327
140810782 20.0∼41.0 2nd -0.66+0.05−0.05 278+29−26 CPL n2,n5,b0 Fluence 2428/327
140810782 42.0∼55.0 3rd -0.76+0.04−0.04 171+14−13 CPL n2,n5,b0 Fluence 2165/327
150118409 0.0∼40.0 1st -0.94+0.01−0.01 631+35−33 CPL n1,n2,n5,b0 PeakFlux 3555/441
150118409 40.0∼52.0 2nd -0.88+0.03−0.03 580+50−50 CPL n1,n2,n5,b0 PeakFlux 2714/441
150201574 0.0∼4.2 1st -0.81+0.02−0.02 161+6−6 CPL n3,n4,b0 PeakFlux 1591/316
150201574 4.2∼8.5 2nd -1.03+0.02−0.02 119+4−4 CPL n3,n4,b0 PeakFlux 2180/316
150330828 -1.0∼10.0 1st -0.30+0.08−0.08 190+22−20 CPL n1,n2,n5,b0 PeakFlux 2600/444
150330828 123.5∼142.2 2nd -0.95+0.01−0.01 330+11−10 CPL n1,n2,n5,b0 PeakFlux 3178/444
150330828 142.2∼155.0 3rd -1.10+0.02−0.02 214+13−12 CPL n1,n2,n5,b0 PeakFlux 2737/444
151227218 0.0∼4.2 1st -1.02+0.08−0.08 250+60−50 CPL n1,n2,n5,b0 PeakFlux 1883/442
151227218 20.0∼39.0 2nd -1.26+0.02−0.02 530+50−50 CPL n1,n2,n5,b0 PeakFlux 2978/442
151227218 42.0∼46.0 3rd -1.25+0.08−0.08 190+50−40 CPL n1,n2,n5,b0 PeakFlux 1856/442
160422499 0.0∼3.1 1st -1.17+0.02−0.02 378+26−24 CPL n0,n1,n5,b0 PeakFlux 1878/440
160422499 3.2∼15.0 2nd -0.93+0.01−0.01 225+6−6 CPL n0,n1,n5,b0 PeakFlux 2887/440
160509374 -1.0∼5.0 1st -1.12+0.08−0.08 500+200−140 CPL n0,n1,n3,b0 Fluence 2015/443
160509374 5.0∼30.0 2nd -0.89+0.01−0.01 382+10−10 CPL n0,n1,n3,b0 Fluence 3509/443
160625945 0.0∼2.0 1st -0.29+0.13−0.13 40+4−4 CPL n6,n7,n9,b1 PeakFlux 1400/439
160625945 180.0∼192.0 2nd -0.68+0.01−0.01 565+12−12 CPL n6,n7,n9,b1 PeakFlux 4308/439
160625945 192.0∼198.0 3rd -0.63+0.01−0.01 324+5−5 CPL n6,n7,n9,b1 PeakFlux 3318/439
160625945 198.0∼215.0 4th -0.71+0.01−0.01 352+6−6 CPL n6,n7,n9,b1 PeakFlux 3947/439
160802259 0.0∼7.0 1st -0.53+0.03−0.03 210+10−10 CPL n2,b0 PeakFlux 1220/225
160802259 14.0∼20.0 2nd -0.88+0.06−0.06 126+15−14 CPL n2,b0 PeakFlux 1099/225
160816730 0.0∼7.0 1st -0.80+0.04−0.04 163+12−11 CPL n6,n7,n9,b1 PeakFlux 2169/441
160816730 7.0∼17.0 2nd -0.64+0.03−0.03 182+9−8 CPL n6,n7,n9,b1 PeakFlux 2430/441
170808936 0.0∼13.5 1st -0.88+0.01−0.01 2350+9−8 CPL n1,n2,n5,b0 Fluence+Peak 2729/442
170808936 13.5∼20.0 2nd -0.98+0.01−0.01 280+9−9 CPL n1,n2,n5,b0 Fluence+Peak 2328/442
171102107 -2.0∼3.0 1st -0.48+0.19−0.19 37+7−6 CPL n0,n1,n2,b0 Fluence 2061/442
171102107 3.0∼10.0 2nd -1.05+0.29−0.29 160+17−80 CPL n0,n1,n2,b0 Fluence 2264/442
171102107 25.0∼42.0 3rd -1.22+0.09−0.09 530+300190 CPL n0,n1,n2,b0 Fluence 2869/442
171102107 42.0∼62.0 4th -0.83+0.03−0.03 141+8−7 CPL n0,n1,n2,b0 Fluence 3083/442
Table 1 continued on next page
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Table 1 (continued)
Burst ID t1∼t2 Sequence α Ec Model Detector Selected by -ln(likelihood)/dof
(s) (keV)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
171119992 0.0∼20.0 1st -0.93+0.20−0.20 290+150−100 CPL n2,b0 PeakFlux 1399/225
171119992 20.0∼35.0 2nd -1.21+0.24−0.24 210+160−90 CPL n2,b0 PeakFlux 1301/225
171120556 0.0∼7.0 1st -0.86+0.07−0.07 209+35−30 CPL n0,n1,n3,b0 PeakFlux 2371/442
171120556 15.4∼20.0 2nd -1.50+0.00−0.00 125+1−1 CPL n0,n1,n3,b0 PeakFlux 2001/442
171227000 0.0∼24.0 1st -0.71+0.01−0.01 884+30−29 CPL n5,b0 PeakFlux 1687/223
171227000 24.0∼60.0 2nd -1.05+0.03−0.03 346+34−31 CPL n5,b0 PeakFlux 1580/223
180113011 0.0∼2.8 1st -0.83+0.03−0.03 630+70−60 CPL n3,n4,b0 PeakFlux 1342/326
180113011 2.8∼5.4 2nd -0.75+0.04−0.04 460+50−50 CPL n3,n4,b0 PeakFlux 1328/326
180113418 0.0∼19.6 1st -0.73+0.01−0.01 388+1211 CPL n1,n2,n9,b0 PeakFlux 3402/443
180113418 19.6∼33.2 2nd -0.74+0.02−0.02 223+9−8 CPL n1,n2,n9,b0 PeakFlux 2930/443
180120207 0.0∼13.0 1st -0.96+0.02−0.02 147+6−6 CPL n9,na,nb,b1 PeakFlux 2830/438
180120207 13.0∼30.0 2nd -1.19+0.02−0.02 160+7−7 CPL n9,na,nb,b1 PeakFlux 2998/438
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Table 3. Results of the Time-resolved Spectral Fits of Our Sample (Part I): BB vs. PL+BB
t1∼t2 S/N
Blackbody Fitting Power-Law Plus Blackbody Fitting Null
Hypothesis
Probability
Support Model
kT -ln(posterior)/AIC/BIC/DIC Index kT -ln(posterior)/AIC/BIC/DIC
(s) (keV) (keV)
140206B
-0.04∼0.46 13.87 55.23+2.52−2.48 -599/1202/1210/1231 -2.99+0.53−0.43 56.8+2.6−2.6 -602/1211/1228/1225 < 10−4 BB
0.46∼1.81 9.94 45.05+2.71−2.73 -1179/2361/2369/2391 -3.90+0.91−0.84 45.2+2.6−2.6 -1182/2371/2388/2396 < 10−4 BB
1.81∼4.70 5.50 44.15+5.26−5.18 -1676/3356/3364/3387 -3.87+0.65−0.72 45.0+5.3−5.8 -1681/3369/3386/3392 < 10−4 BB
140329B
-0.01∼0.25 39.54 40.15+1.00−1.00 -509/1022/1030/1037 -1.54+0.03−0.03 42.2+1.8−1.8 -394/796/811/798 1 PL+BB
0.25∼0.47 20.46 20.62+0.80−0.81 -221/446/454/458 -1.73+0.08−0.08 21.5+1.6−1.6 -197/402/417/402 1 PL+BB
0.47∼0.67 9.51 13.75+1.79−1.81 -145/294/302/303 -1.90+0.13−0.07 15.0+26.2−13.7 -109/226/241/-55259 1 PL+BB
0.67∼3.00 4.17 12.19+2.42−2.43 -1114/2231/2239/2237 -2.11+0.29−0.28 5.7+8.7−4.5 -1106/2220/2235/-5331 1 PL+BB
150330A
-0.17∼1.39 16.58 57.64+2.42−2.44 -1371/2745/2754/2776 -1.69+0.20−0.22 59.3+2.9−2.9 -1374/2755/2772/2774 < 10−4 BB
1.39∼3.16 36.78 67.30+1.76−1.77 -1664/3331/3340/3361 -1.46+0.04−0.04 73.8+2.5−2.5 -1595/3198/3214/3213 1 PL+BB
3.16∼4.43 20.37 41.04+1.56−1.56 -1287/2578/2587/2606 -1.49+0.07−0.07 43.1+2.2−2.3 -1269/2547/2563/2561 1 PL+BB
4.43∼6.20 50.40 43.18+0.83−0.82 -1787/3578/3586/3603 -1.45+0.02−0.02 45.7+1.4−1.4 -1612/3232/3249/3244 1 PL+BB
6.20∼7.63 22.11 30.95+1.08−1.09 -1326/2656/2664/2681 -1.62+0.10−0.10 32.3+1.6−1.6 -1311/2629/2646/2642 1 PL+BB
7.63∼10.00 12.71 17.83+1.08−1.08 -1653/3309/3318/3332 -1.70+0.11−0.11 18.8+2.1−2.2 -1639/3287/3303/3295 1 PL+BB
160625B
-0.12∼0.04 11.51 15.67+0.80−0.80 -106/217/225/234 -2.59+0.40−0.38 17.5+1.2−1.2 -111/230/246/238 < 10−4 BB
0.04∼0.21 21.50 14.28+0.44−0.43 -211/426/434/440 -1.94+0.13−0.13 15.0+0.9−0.8 -200/409/425/405 0.99 PL+BB
0.21∼0.34 29.48 18.03+0.43−0.42 -170/343/352/359 -2.24+0.15−0.16 20.7+0.7−0.7 -142/291/308/284 1 PL+BB
0.34∼0.68 36.63 16.15+0.29−0.29 -535/1073/1082/1089 -2.09+0.10−0.10 17.9+0.5−0.5 -489/986/1003/982 1 PL+BB
0.68∼0.93 15.92 12.45+0.49−0.49 -255/514/522/529 -2.42+0.28−0.31 14.1+0.9−0.9 -254/517/533/509 0.63 PL+BB
0.93∼2.00 2.83 6.71+1.26−1.31 -990/1985/1993/1995 -3.75+0.99−0.85 6.4+1.7−1.5 -986/1981/1997/1981 0.98 PL+BB
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Table 4. Comparison of Different Models of Our Sample (Part I) with the Brightest Time Bin
GRB name Single BBa CPLb PL+BBc CPL+BBd Band+BBe Best-Model-Suggested
(1) (2) (3) (4) (5) (6) (7)
140206B
-ln(posterior) -599 -609 -601 unconstrainedf unconstrained
AIC 1202 1225 1211 unconstrained unconstrained
BIC 1210 1237 1227 unconstrained unconstrained Single BB
DIC 1231 1212 1225 unconstrained unconstrained
dof 439 438 437 436 435
140329B
-ln(posterior) -509 -377 -394 -371 unconstrained
AIC 1022 760 796 753 unconstrained
BIC 1030 771 811 772 unconstrained PL+BB
DIC 1037 747 798 750 unconstrained
dof 324 323 322 321 320
150330A
-ln(posterior) -1787 -1582 -1608 -1574 unconstrained
AIC 3578 3169 3223 3158 unconstrained
BIC 3586 3182 3240 3178 unconstrained CPL+BB
DIC 3603 3153 3244 2866 unconstrained
dof 442 441 440 439 438
160625B
-ln(posterior) -535 -489 -489 -479 unconstrained
AIC 1073 983 986 968 unconstrained
BIC 1082 996 1003 988 unconstrained PL+BB
DIC 1089 966 982 970 unconstrained
dof 437 436 435 434 433
aSingle Black-body model fitting.
bCut Power-law model fitting.
cSimple Power-law plus Black-body model fitting.
dCut Power-law plus Black-body model fitting.
eBand plus Black-body model fitting.
fParameters can not be constrained with the model.
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Figure 1. Temporal evolution of α based on the time-integrated spectra for each pulse/sub-burst for our
global sample. Each data point represents one pulse/sub-burst, and they are connected by solid lines within
one single burst. Two horizontal dashed line represent the limiting values of α=-2/3 and α=-3/2 for electrons
in the slow- and fast-cooling regimes, respectively. Left-hand panel: for the CPL model; right-hand panel:
for the Band model.
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Figure 2. Top-left panel: light curve of the prompt emission of GRB 140206B, along with the source
selection, the background selections, and the best background fits. Top-right panel: temporal evolution of
α (Band and CPL), Epk(c) (Band and CPL), blackbody temperature, and blackbody flux FBB based on the
time-resolved spectrum for GRB 140206B. Three pulses/sub-bursts are divided by two vertical black dashed
lines. Two horizontal red dashed lines represent the limiting values of α=-2/3 and α=-3/2 for electrons in
the slow- and fast-cooling regimes, respectively. Bottom-left panel: typical spectral fits using the brightest
time bin (-0.04, 0.46) for Part I. Bottom-right panel: typical spectral fits using the brightest time bin (13.24,
14.60) for Part II.
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Figure 3. The same as Figure 2 but for GRB 140329B. The brightest time bins (highest S/N values) for
Part I (-0.01-0.25) and for Part II (21.17-22.77) are used.
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Figure 4. The same as Figure 2 but for GRB 150330A. The brightest time bins for Part I (4.43-6.20) and
for Part II (131.01-131.52) are used.
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Figure 5. The same as Figure 2 but for GRB 160625B. Time bins for Part I (0.34-0.68) and for Part II
(208.65-211.64) are used.
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Figure 6. Correlation analysis of α for different cases. The left-hand panel investigates the difference of α
between the Band and the CPL models with three different cases. The right-hand panel compares α also
with three different scenarios but based on the same CPL model.
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Figure 7. Comparisons of α-distributions (left-hand panel) and Epk(c)-distributions (right-hand panel) in
different scenarios (Band or CPL, time-resolved or time-integrated). Based on the CPL model and the time-
integrated spectral fit results, the best Gaussian fits give αCPL=0.89±0.32 and logECPLc =2.34±0.27; based on
the CPL model and the time-resolved spectral fit results, we have αCPL=0.88±0.25 and logECPLc =2.29±0.25;
based on the Band model and the time-integrated spectral fit results, one has αBand=0.94±0.31 and
logEBandpk =2.48±0.24. Two vertical green dashed lines represent the limiting values of α=-2/3 and α=-
3/2 for electrons in the slow- and fast-cooling regimes, respectively.
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Figure 8. Left-hand panel: evolution of the faction of thermal flux to total flux, FBB/F . Right-hand panel:
evolution of the parameter, < = (FBB/σT 4)1/2. Different colors represent in each individual burst: GRB
140206B (orange), GRB 140329B (blue), GRB 150330A (green), GRB 160625B (pink).
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Figure 9. Temporal evolution of the Lorentz factor, Γ. Color conventions are the same as Figure
8. GRB140206B presents a constant behavior with the best fitting power-law index 0.01±0.07 while
GRB140329B shows monotonic decay with the index -0.51±0.03. GRB150330A and GRB160625B exhibit a
smoothly broken power-law decay feature, with the power-law indices 0.69±0.52 and -0.52±1.44 before and
after break for GRB150330A; and 0.37±0.27 and -0.89±0.33 before and after break for GRB160625B.
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Figure 10. Temporal evolution of the photospheric radius rph, saturation radius rs, and nozzle radius r0.
Different colors represent in different characteristic radii: r0 (orange), rs (blue), rph (pink).
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Figure 11. Scatter plots of several characteristic parameters of photosphere emission: FBB vs. kT (top
left-hand panel), < vs. kT (top right-hand panel), LBB vs. LNon (bottom right-hand panel), and Γ vs. LBB
(bottom left-hand panel). Color conventions are the same as Figure 8. FBB-kT, <-kT, LBB-LNon and Γ-LBB
are all found to have the hardness-intensity correlations. For FBB-kT correlation, the best fitting results
give the power-law index of 3.21±0.25 for GRB 140329B, 1.60±0.41 for GRB 150330A, and 3.95±0.26 for
GRB 160625B; For <-kT correlation, we have -1.71±0.57 for GRB 140329B, -1.10±0.14 for GRB 150330A,
and -0.38±0.13 for GRB 160625B; For LBB-LNon correlation, we obtain 0.81±0.09 for GRB 140329B, and
1.57±0.11 for GRB 160625B, the solid line in the panel represents the equal line. For Γ-LBB correlation,
one has 0.44±0.02 for GRB 140329B, 0.37±0.04 for GRB 150330A, and 0.28±0.01 for GRB 160625B.
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Figure 12. Allowed relations between B and γe based on synchrotron emission. The left y-axis (B as a
function of γe: purple, black and orange lines) shows the constraints obtained for Bγ
2
e form Eq.(17) for three-
time bins: one before (earliest), one at and one after (laterst) the peak of the prompt emission light curve.
The right y-axis displays tcool as a function γe (blue lines). The dynamical time for different characteristic
radii (rph: grey star, 10
14cm: blue star) and tpulse (red star) are marked with different colors. The red area
lines show the values of γe and B that result in tcool < tdyn(rph) for all allowed values of rd > rph, which
indicates the electrons are always in the fast cooling regime. The orange area lines represent the values of
γe and B will always result in tcool < tpulse, which is in the slow cooling regime for the allowed values of
rd. The black area lines represent the values of γe and B for the case tdyn(rph) < tcool < tpulse, which can
result in synchrotron emission for electron either cooling fast or slow depending on what is corresponding
dynamical time and where the dissipation occurs.
Facilities: Fermi/GBM
Software: 3ML(Vianelloetal. 2015)
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Table S1. Results of the Time-resolved Spectral Fits of GRB 140329B
t1∼t2 S/N
Blackbody Fitting Cutoff Power-Law Fitting
kT -ln(posterior)/AIC/BIC/DIC α Ec -ln(posterior)/AIC/BIC/DIC
(s) (keV) (keV)
The 1st Sub-Burst
-1.00∼-0.12 0.69 ... ... ... ... ...
-0.12∼-0.01 8.09 ... ... ... ... ...
-0.01∼0.25 39.54 40.15+1.00−1.00 -509/1022/1030/1037 -0.47+0.07−0.07 160.1+14.9−14.8 -377/760/771/747
0.25∼0.47 20.46 20.62+0.80−0.81 -221/446/454/458 -0.56+0.17−0.16 76.7+13.5−13.7 -202/409/421/392
0.47∼0.67 9.51 13.75+1.79−1.81 -145/294/302/303 unconstrained unconstrained unconstrained
0.67∼3.00 4.17 12.19+2.42−2.43 -1114/2231/2239/2237 unconstrained unconstrained unconstrained
The 2nd Sub-Burst
19.00∼19.53 2.97 ... ... ... ... ...
19.53∼20.06 31.94 ... ... -0.97+0.05−0.05 734.8+138.2−138.4 -561/1128/1140/1112
20.06∼20.93 56.75 ... ... -0.86+0.04−0.04 282.7+24.3−24.3 -848/1702/1714/1688
20.93∼21.17 41.04 ... ... -0.96+0.06−0.06 293.0+38.3−39.3 -321/647/659/632
21.17∼22.33 110.39 ... ... -0.91+0.02−0.02 266.0+13.0−13.2 -1171/2348/2360/2334
22.33∼22.77 52.77 ... ... -1.00+0.04−0.04 256.8+25.9−25.4 -557/1120/1132/1105
22.77∼22.80 19.71 ... ... ... ... ...
The 3rd Sub-Burst
22.80∼23.64 94.55 ... ... -0.93+0.02−0.02 325.6+18.6−18.8 -982/1970/1982/1955
23.64∼23.95 92.21 ... ... -0.75+0.03−0.03 440.5+25.5−25.7 -613/1232/1244/1217
23.95∼24.10 59.71 ... ... -0.86+0.04−0.04 405.0+36.7−37.3 -308/622/634/606
24.10∼24.14 38.36 ... ... -0.67+0.07−0.07 312.0+40.3−41.0 -22/49/61/33
24.14∼24.34 76.44 ... ... -0.90+0.03−0.03 389.9+32.9−32.7 -408/822/833/805
24.34∼24.61 73.29 ... ... -0.86+0.04−0.04 268.7+20.0−20.0 -457/919/931/904
24.61∼25.00 71.01 ... ... -0.94+0.04−0.04 266.2+22.2−22.2 -579/1164/1176/1149
25.00∼25.28 47.44 ... ... -1.01+0.06−0.05 242.6+30.7−30.4 -371/749/760/733
25.28∼25.86 52.16 ... ... -1.12+0.05−0.05 217.5+25.2−26.0 -591/1188/1200/1172
25.86∼26.59 43.36 ... ... -1.02+0.07−0.07 161.5+21.3−21.1 -684/1374/1386/1359
26.59∼27.63 34.66 ... ... -1.16+0.08−0.08 168.0+28.4−28.4 -768/1542/1553/1526
27.63∼28.70 20.92 ... ... -1.16+0.15−0.15 127.6+33.9−37.0 -785/1576/1588/1550
48 Li.
Table S2. Results of the Time-resolved Spectral Fits of GRB 150330A
t1∼t2 S/N
Blackbody Fitting Cutoff Power-Law Fitting
kT -ln(posterior)/AIC/BIC/DIC α Ec -ln(posterior)/AIC/BIC/DIC
(s) (keV) (keV)
The 1st Sub-Burst
-1.00∼-0.17 1.95 ... ... ... ... ...
-0.17∼1.39 16.58 57.64+2.42−2.44 -1371/2745/2754/2776 0.25+0.19−0.20 130.9+22.4−20.5 -1382/2771/2783/2679
1.39∼3.16 36.78 67.30+1.76−1.77 -1664/3331/3340/3361 -0.25+0.07−0.07 246.9+23.0−23.3 -1567/3140/3152/3124
3.16∼4.43 20.37 41.04+1.56−1.56 -1287/2578/2587/2606 -0.29+0.12−0.11 145.8+21.6−20.9 -1272/2551/2563/2533
4.43∼6.20 50.40 43.18+0.83−0.82 -1787/3578/3586/3603 -0.40+0.05−0.05 175.7+13.5−13.6 -1581/3168/3180/3153
6.20∼7.63 22.11 30.95+1.08−1.09 -1326/2656/2664/2681 -0.20+0.14−0.14 88.3+12.2−11.9 -1319/2644/2656/2622
7.63∼10.00 12.71 17.83+1.08−1.08 -1653/3309/3318/3332 -0.81+0.26−0.24 107.3+21.7−43.6 -1654/3314/3326/3224
The 2nd Sub-Burst
123.50∼124.51 8.70 ... ... ... ... ...
124.51∼125.37 18.72 ... ... ... ... ...
125.37∼127.19 42.29 ... ... -0.85+0.05−0.05 433.7+59.3−59.0 -1589/3185/3197/3162
127.19∼128.90 73.12 ... ... -0.91+0.03−0.03 654.4+63.9−63.2 -1663/3333/3345/3312
128.90∼129.34 45.93 ... ... -0.82+0.05−0.05 455.2+63.5−64.1 -788/1583/1595/1562
129.34∼130.08 69.90 ... ... -0.84+0.03−0.03 379.7+32.9−33.6 -1073/2153/2165/2132
130.08∼131.01 96.65 ... ... -0.85+0.02−0.02 475.4+32.9−32.9 -1371/2749/2761/2127
131.01∼131.52 102.21 ... ... -1.05+0.02−0.02 1529.5+197.2−197.5 -1087/2180/2193/2153
131.52∼131.78 58.68 ... ... -1.00+0.04−0.04 478.3+74.0−75.4 -588/1182/1194/1158
131.78∼132.53 81.67 ... ... -0.98+0.03−0.03 350.4+29.6−29.8 -1108/2223/2235/2200
132.53∼133.41 97.59 ... ... -0.95+0.03−0.03 322.7+22.4−21.9 -1259/2523/2536/2501
133.41∼133.89 97.39 ... ... -0.92+0.03−0.03 337.8+25.2−25.6 -960/1926/1939/1904
133.89∼134.25 68.98 ... ... -1.01+0.04−0.04 347.5+37.9−37.5 -695/1397/1409/1374
134.25∼134.88 66.71 ... ... -1.05+0.04−0.04 264.2+28.7−30.0 -964/1935/1947/1912
134.88∼135.70 57.96 ... ... -0.90+0.05−0.05 585.5+100.5−101.7 -789/1584/1597/1562
135.70∼136.55 74.48 ... ... -0.99+0.04−0.04 217.8+18.6−18.6 -1179/2364/2376/2343
136.55∼136.95 58.99 ... ... -0.98+0.05−0.05 225.3+25.0−25.6 -681/1368/1380/1346
136.95∼137.56 87.39 ... ... -0.96+0.03−0.03 265.1+21.2−20.8 -1025/2056/2069/2034
137.56∼138.00 57.35 ... ... -1.10+0.05−0.05 278.9+36.1−36.3 -702/1409/1422/1386
138.00∼139.06 66.38 ... ... -1.03+0.04−0.04 198.8+19.4−19.2 -1236/2477/2490/2456
139.06∼140.95 64.34 ... ... -1.05+0.04−0.04 172.4+16.0−15.7 -1607/3221/3233/3201
140.95∼142.20 39.32 ... ... -1.20+0.06−0.06 246.8+45.1−45.8 -1252/2510/2523/2488
The 3rd Sub-Burst
142.20∼144.93 50.59 ... ... -1.24+0.05−0.05 225.0+32.1−32.8 -1825/3656/3669/3635
144.93∼145.56 34.18 ... ... -1.07+0.08−0.08 210.1+37.9−39.5 -858/1723/1735/1701
145.56∼145.70 23.86 ... ... -1.30+0.13−0.12 927.6+197.5−612.5 -192/391/403/338
145.70∼146.93 86.01 ... ... -0.98+0.03−0.03 267.2+20.6−20.7 -1427/2859/2872/2838
146.93∼148.17 70.48 ... ... -1.09+0.04−0.04 226.9+23.6−23.2 -1373/2753/2765/2731
148.17∼150.52 78.14 ... ... -1.14+0.04−0.04 191.2+17.0−17.2 -1797/3599/3612/3578
150.52∼151.31 34.03 ... ... -1.28+0.09−0.09 245.6+60.9−63.9 -960/1927/1939/1902
151.31∼153.26 36.32 ... ... -1.21+0.07−0.07 185.2+33.0−33.4 -1568/3141/3154/3120
153.26∼155.00 23.30 ... ... -1.39+0.12−0.12 370.7+132.8−174.8 -1446/2897/2909/2862
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Table S3. Results of the Time-resolved Spectral Fits of GRB 160625B
t1∼t2 S/N
Blackbody Fitting Cutoff Power-Law Fitting
kT -ln(posterior)/AIC/BIC/DIC α Ec -ln(posterior)/AIC/BIC/DIC
(s) (keV) (keV)
The 1st Sub-Burst
-1.00∼-0.12 2.72 ... ... ... ... ...
-0.12∼0.04 11.51 15.67+0.80−0.80 -106/217/225/234 -0.21+0.27−0.28 38.9+7.9−7.4 -115/236/249/181
0.04∼0.21 21.50 14.28+0.44−0.43 -211/426/434/440 -0.22+0.19−0.18 36.0+4.7−4.7 -203/412/424/386
0.21∼0.34 29.48 18.03+0.43−0.42 -170/343/352/359 -0.18+0.14−0.13 44.2+4.2−4.4 -139/283/296/265
0.34∼0.68 36.63 16.15+0.29−0.29 -535/1073/1082/1089 -0.09+0.12−0.12 37.0+3.1−3.0 -489/983/996/966
0.68∼0.93 15.92 12.45+0.49−0.49 -255/514/522/529 -0.29+0.24−0.26 31.4+5.3−5.2 -256/519/531/481
0.93∼2.00 2.83 6.71+1.26−1.31 -990/1985/1993/1995 unconstrained unconstrained unconstrained
The 2nd Sub-Burst
187.00∼187.36 27.16 ... ... -0.91+0.03−0.03 2056.0+353.7−351.8 -724/1453/1466/1430
187.36∼187.88 50.06 ... ... -0.85+0.05−0.05 1459.3+356.0−367.7 -1109/2223/2236/2196
187.88∼188.09 52.80 ... ... -0.84+0.02−0.02 1581.2+163.9−163.0 -638/1283/1295/1258
188.09∼188.23 53.09 ... ... -0.83+0.03−0.03 1728.5+191.1−190.0 -496/998/1010/972
188.23∼188.35 62.07 ... ... -0.79+0.02−0.02 1472.5+120.3−122.2 -459/924/937/899
188.35∼188.71 132.93 ... ... -0.76+0.01−0.01 1255.0+53.0−52.6 -1491/2989/3001/2963
188.71∼189.48 222.36 ... ... -0.71+0.01−0.01 798.3+22.6−23.0 -2630/5266/5279/5242
189.48∼189.88 156.48 ... ... -0.68+0.01−0.01 595.1+22.1−22.2 -1570/3145/3157/3121
189.88∼190.27 129.50 ... ... -0.71+0.02−0.02 561.6+24.2−24.2 -1366/2739/2751/2716
190.27∼190.64 105.03 ... ... -0.72+0.02−0.02 485.0+23.1−23.3 -1152/2310/2322/2287
190.64∼191.46 131.97 ... ... -0.70+0.02−0.02 377.7+13.4−13.1 -1684/3374/3387/3353
191.46∼192.98 149.30 ... ... -0.74+0.01−0.01 325.7+9.8−9.7 -2204/4414/4427/4393
192.98∼193.69 124.78 ... ... -0.64+0.02−0.02 321.4+10.6−10.5 -1504/3015/3027/2994
193.69∼194.24 124.26 ... ... -0.64+0.02−0.02 394.8+13.5−13.5 -1412/2830/2843/2809
194.24∼195.41 195.01 ... ... -0.64+0.01−0.01 390.3+8.6−8.5 -2342/4691/4703/4669
195.41∼195.91 121.36 ... ... -0.65+0.02−0.02 378.3+13.4−13.5 -1360/2727/2739/2706
195.91∼196.69 138.84 ... ... -0.65+0.01−0.01 359.2+10.8−10.8 -1698/3402/3414/3381
196.69∼197.26 90.53 ... ... -0.73+0.02−0.02 334.9+15.6−15.4 -1252/2509/2522/2488
197.26∼197.92 117.08 ... ... -0.68+0.02−0.02 418.7+14.8−14.9 -1442/2890/2902/2868
197.92∼198.30 98.33 ... ... -0.68+0.02−0.02 438.9+19.2−19.3 -1050/2105/2118/2084
198.30∼198.45 50.87 ... ... -0.70+0.04−0.04 337.7+26.7−26.8 -420/846/858/825
198.45∼198.71 53.71 ... ... -0.74+0.03−0.03 318.6+23.4−23.8 -691/1387/1400/1366
198.71∼198.97 67.75 ... ... -0.64+0.03−0.03 390.0+23.1−23.4 -732/1471/1483/1450
198.97∼199.83 139.11 ... ... -0.65+0.01−0.01 412.6+12.0−12.3 -1740/3487/3499/3466
199.83∼200.11 89.67 ... ... -0.58+0.02−0.02 438.8+19.1−19.1 -884/1773/1786/1753
200.11∼201.20 195.06 ... ... -0.70+0.01−0.01 615.2+16.3−16.0 -2687/5379/5392/5356
201.20∼202.49 178.57 ... ... -0.67+0.01−0.01 421.8+9.8−9.6 -2303/4613/4625/4591
202.49∼203.38 122.69 ... ... -0.74+0.01−0.01 398.2+13.8−13.8 -1718/3442/3454/3420
203.38∼204.65 108.96 ... ... -0.79+0.02−0.02 369.8+14.1−14.2 -1880/3767/3779/3745
204.65∼204.91 63.36 ... ... -0.70+0.03−0.03 449.0+29.1−29.2 -704/1413/1426/1392
204.91∼206.30 113.25 ... ... -0.70+0.02−0.02 326.4+10.9−10.9 -1924/3855/3867/3835
206.30∼207.80 84.56 ... ... -0.76+0.02−0.02 253.9+11.3−11.3 -1846/3698/3710/3679
207.80∼208.65 53.47 ... ... -0.83+0.03−0.04 238.1+18.4−18.3 -1340/2685/2698/2665
208.65∼211.64 80.40 ... ... -0.89+0.02−0.02 282.8+13.3−13.6 -2277/4560/4572/4540
211.64∼212.58 31.33 ... ... -0.99+0.06−0.06 224.7+30.5−30.5 -1231/2467/2480/2447
212.58∼213.88 22.09 ... ... -1.13+0.06−0.06 260.5+46.4−47.5 -1392/2791/2803/2770
213.88∼218.00 22.46 ... ... -1.16+0.06−0.06 364.2+77.1−76.7 -2185/4377/4389/4356
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Figure S1. Temporal evolution of the ∆AIC/BIC/DIC, which is derived from comparing two different
empirical models and based on the time-resolved spectral fitting results. The left-hand panel: data is
derived from GRB 150330A (Part I); the right-hand panel: data is derived from GRB 140206B (Part II).
Different color represents different empirical models, and the horizontal dashed lines either represent the
value of ∆ AIC/BIC/DIC=0.
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Figure S2. Examples of the light curve of the prompt emission, which exhibit clear multi-pulses/sub-bursts
in our sample, along with the source selection, the background selections, and the best background fits.
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Figure S3. Relations of α (top panels), and Epk(c) (bottom panels) for different pulses/sub-bursts: 1st-
to-2nd (pink), 2nd-to-3rd (cyan), and 3rd-to-4th (orange), all are based on the time-integrated spectral fit
results. Left-top-hand and left-bottom-hand panels are for the Band model and right-bottom-hand and
right-bottom-hand panels are for the CPL model. GRB 160625B for the case is labeled with the arrows.
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Figure S4. Epk-α relation for different pulses/sub-bursts: 1st (pink), 2nd (cyan), 3rd (orange), and 4th
(blue), which are based on the time-integrated spectral fitting results. One vertical dashed line represents
the typical value of α=-1.0. Left-hand panel is for the Band model and right-hand panel is for the CPL
model.
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Figure S5. Light curve of the prompt emission of GRB 140206B (the right-hand y-axis), along with
temporal evolution of the S/N (yellow stars and the left-hand y-axis). The horizontal dashed line represent
S/N value of 20.
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Figure S6. An example fit to the data in one time bin (between 0.46s and 1.81s) of GRB 140206B using
the Blackbody model.
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Figure S7. An example fit to the data in one time bin (between 11.84s and 12.57s) of GRB 140206B using
the Band model and the CPL model, respectively. Left-hand panel: the Band model with an un-constarined
parameter β; right-hand panel: the CPL model.
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Figure S8. An example fit to the data in one time bin (between 13.24s and 14.60s) of GRB 140206B using
the Band model and the CPL model, respectively. Left-hand panel: the Band model with a well-constarined
parameter β; right-hand panel: the CPL model.
58 Li.
0.0 20.0 40.0
Time (s)
1010
1011
1012
1013
B
γ
2 e
140206B
Γ=100
Γ=300
Γ=600
Γ=1000
20.0 30.0
Time (s)
1010
1011
1012
1013
B
γ
2 e
140329295
Γ=100
Γ=300
Γ=600
Γ=1000
120.0 130.0 140.0 150.0 160.0
Time (s)
1010
1011
1012
1013
B
γ
2 e
150330828
Γ=100
Γ=300
Γ=600
Γ=1000
180.0 190.0 200.0 210.0 220.0
Time (s)
1010
1011
1012
1013
B
γ
2 e
160625945
Γ=100
Γ=300
Γ=600
Γ=1000
1010 1011 1012 1013
Bγ2e
0
5
10
15
20
25
30
N
u
m
b
e
r
logBγ2e =11.81±0.19 (Γ=100)
logBγ2e =11.26±0.18 (Γ=300)
logBγ2e =10.95±0.19 (Γ=600)
logBγ2e =10.83±0.18 (Γ=1000)
Figure S9. Temporal evolution of Bγ2e for various typical Γ values, different colors represent different
Γ values. Distributions of Bγ2e based on these four typical Γ values: Γ=100 (orange), Γ=300 (green),
Γ=600 (blue), and Γ=1000 (pink). The best Gaussian fitting, give log Bγ2e=11.81±0.19 for Γ=100, log
Bγ2e=11.26±0.18 for Γ=300, log Bγ2e=10.95±0.19 for Γ=600 and log Bγ2e=10.83±0.18 for Γ=1000.
